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LINEAR RADIO-FREQUENCY MASS 


REDHEAD 


ABSTRACT 


radio-frequency mass spectrometer described using system electrodes 
similar toa linear accelerator obtain velocity selection tin ions. beam 
ions directed through series axial radio- fields with alternate pol- 
arity, and the ion with velocity (proportional such that traverses the 
individual stages approximately one-half period the radio-frequency field, 
acquires maximum energy from this field. retarding field region prevents ali 
ions, the ion with maximum energy, from reaching the collector. ion 
beam cross section used. With radio-frequency stages mass 


INTRODUCTION 


All mass spectrometers employing magnetic deflection obtain mass 
selection require accurately aligned apertures which have the disadvantage 
limiting the useful ion current. Numerous proposals have been put forward 
for using time-varying electric fields obtain velocity selection beam 
these systems the ion current not severely limited apertures. 
The use transverse deflecting fields has been suggested Smythe (11), Mat- 
tauch (12), and Time-of-flight methods using short pulse 
ions moving linearly have been suggested Keller (8), Stephens (13), and 
Cameron (3). The use pulsed ion beam rotating magnetic field has 
been described Goudsmit (4), and Smith (10). The use axial fields 
linear system has been described Bennett (1), Boyd (2), Weisz (14), and 
Heil This last method has the advantage way limiting the 
cross section the ion beam apertures deflecting electrodes and leads 
instrument with high ion current and medium resolution. 


The instrument herein described resembles linear accelerator similar the 
type developed Sloan and Coates (9), but without drift spaces, and where 
the time transit through the individual radio-frequency fields comparable 
the period the applied field. ion with the synchronous velocity, de- 
termined its e/m ratio and the initial d-c. accelerating potential, traverses 
each the individual fields one-half period. This synchronous ion acquires 
more energy from the radio-frequency fields than ions with any other velocity 
and thus able pass through d-c. retarding field and reach the collector. 
The use transit times comparable with the period the applied field causes 
rejection ions with harmonic masses (ions whose masses are integral 
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REDHEAD: MASS SPECTROMETER 


multiples the mass the synchronous ion). Many other time-of-flight 
devices not discriminate against harmonic masses. 


OPERATION THE TUBE 


The tube and circuits are shown schematically Fig. from 
the filament are accelerated grid (a) into the field-free cylinder where 
ions are produced collision. The positive ions are accelerated out cylinder 
toward grid (c) d-c. potential The ions then pass through 
series equally spaced grids which are all d-c. ground. Alternate grids 
are connected radio-frequency generator pulsatance The electric 
field between (c) and (d) 

and between (d) and (e) 

positive ion entering the space just the field going negative will 
accelerated; moreover, the transit angle the ion from (c) (d) 
radians, will enter the second gap the correct phase accelerated once 
more. This process repeated through all the gaps down the tube. the 
energy gained the ion large will, course, slip out phase with the 
fields; however, this effect not troublesome practice. 

exact solution the equations the ionic motion only possible 
graphical methods. approximate analytical solution may obtained 
assuming small signal conditions. AW, the energy gained ion travers- 
ing gaps, may derived terms the unmodulated transit angle for 
one gap (see Appendix I). 
where the peak radio-frequency voltage across each gap. The quantity, 


60° 240° 300° 360° 
a? 
gap transit angle for 


20. Comparison the two graphs shows clearly that increased 
the main peak becomes narrower and higher and the value this peak 
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Fic. Energy gained ion function the unmodulated 
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(ao) approaches and thus the optimum entrance phase angle approaches 
zero. (See Equation Appendix I.) 

The improvement resolution obtained increasing the number gaps 
evident the narrowing the main peak. The resolution has been com- 
puted (see Appendix II) function and shown Fig. These 
curves are for 


| 


60° 120° 180° 240° 300° 360° 
a? 
Fic. Energy gained function for 20, using square waves. 
where the effective potential difference between the height the main 
peak and the retarding potential (corresponding AA’ Fig. 3), and 
the peak value the radio-frequency voltage. This simple analysis predicted 
mass resolution approximately for 20, which was achieved 
practice. 
The use square waves instead sinusoidal wave form will sensibly 
improve the resolution shows the quantity function 
for 20, when the accelerator section driven square wave. 
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DESCRIPTION THE TUBE AND CIRCUITS 


The ion source designed produce ion beam large cross section. 
flat spiralled filament emits electrons which are accelerated the grid (a) 
into the cylinder (6); gas introduced into this cylinder and ions are formed 
collision. The negative field between and (c) prevents the electrons 
from leaving the ion cylinder. The grid slightly positive with respect 
the cylinder prevent positive ions from moving back towards the 
cathode. 


@ 


Fic. 20-stage tube. 


The general construction one model the tube shown Fig. Fig. 
photograph this tube. The electrode structure mounted three 
support rods and the electrodes are separated glass spacers. The cathode 
assembly mounted separate ring seal for ease replacement. The 
apertures the electrodes (5/8 in. diameter) are covered with knitted 
tungsten mesh 95% transparency. 


The accelerating stack electrodes followed the retarder grid and 
grid suppress secondary electrons from the collector cup well prevent 
electrons released anywhere within the tube from reaching the collector. 
preamplifier using subminiature tube connected directly the collector 
lead-through. essential keep the collector-to-ground capacitance small 
order reduce the time-constant the electrometer grid circuit. 


The circuit arrangement shown schematically Fig. The radio- 
frequency oscillator tunable over the range 3-13 Mc./sec., which, with the 


= 


CANADIAN JOURNAL PHYSICS. VOL. 


radio-frequency gap spacing (1/4 in.) and the range d-c. accelerating po- 
tentials used (200-600 volts), allows investigation the mass range from 
100. The radio-frequency oscillator square-wave modulated 400 
cycles per second that a-c. system may used amplify the ion current. 
electronically sweeping the initial d-c. accelerating voltage low frequen- 
(ca. cycle per second), the mass spectrum may presented long- 
persistence cathode-ray tube indicated Fig. When using voltage 
sweep the mass scale linear. 


RESULTS OBTAINED 


The experimental resolution obtained may judged from Fig. which 
tracing from the cathode-ray tube screen. Resolution may sacrified for 
increased sensitivity, vice versa, adjustment the retarder potential. 


MASS 


Fic. spectrum water vapor traced from cathode-ray tube screen. 


Both metal and glass envelope tubes have been operated, either with d-c. 
amplifiers and graphic recorders, with the previously described dynamic 
presentation system. The tube has been found operate satisfactorily 

The effect the ions gaining velocity and slipping out synchronism with 
the radio-frequency field has been investigated applying d-c. setback voltages 
the accelerating electrodes from internal potentiometer system. This d-c. 
voltage will nullify the increase velocity the ions caused the radio- 
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frequency fields. change sensitivity resolution was observed with the 
setback voltages connected, even when the maximum radio-frequency voltage 
was used (15 volts r.m.s.). With the setback voltages was found that the 
instrument was more nearly absolute its measurement ion masses. 


COMMENTS 


The advantages this type mass spectrometer over magnetic deflection 
type equivalent resolution may enumerated as: 


(1). Large ion currents due the absence collimating apertures. 

(2). Simplicity construction; accurate alignment necessary. 

(3). Absence any magnet. 

(4). Use a-c. coupled amplifiers. 
The main disadvantage the need for calibration the mass scale. Owing 
the inadequacy the analysis the ion motion, the instrument not absolute. 
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Appendix 


Let the electric field the interaction gaps represented by: 
(wt 


where represents the wave form the applied voltage. 
Then the force acting ion the odd-numbered gaps given by: 


and the even-numbered gaps by: 


where the frequency the applied wave form, 


the phase the applied wave form the ion enters the first gap 0), 
the gap width. 
Assuming that the unperturbed ion velocity large compared with any 
velocity changes produced the accelerating wave form, then the energy ac- 
quired the ion from the field given by: 


With interaction gaps, where even, Equation (2) becomes: 

veV 8/0 28/0 

0 8/0 
(3) 
(N—1) 8/0 

Integrating with respect 


0 s/o 


where d(wt), and sw/v the unmodulated interelectrode 
transit angle. 

Maximizing with respect variations the entrance phase angle 
gives, for one solution 


(4a) 


Inserting this condition for Equation (4), one obtains 
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also such series, with change signs throughout due the integration. 
Then even number, Equation (5) becomes: 


(a) When f(wt sin(wt 6), then 


This series may most conveniently summed graphically, and plotted 
spectively. The abscissa may converted mass scale since 
where 


The mass the synchronous ion may determined from the relationship: 


(8) 


where the atomic weight the ion, 
the multiplicity the ion charge, 
the d-c. accelerating voltage (volts), 
the frequency (Mc. per sec.), 
the gap spacing (inches). 

Some general conclusions are evident: 


(1). The maximum value Aw/eV proportional the number radio- 
frequency gaps, since the height the main peak 


(2). The height the main peak for the second cycle a(i.e., 3x) 

(3). The optimum value and hence the number 
radio-frequency gaps increased. 


(4). The mass resolution improved increases. This discussed more 
fully Appendix 


When the accelerating wave form square wave, then 
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Then, 


which represents symmetrical triangular wave form. 


All the terms this series may also summed graphically and AW/eV plotted 
function for different values Fig. shows the results for 20. 
evident that the main peak sharper and higher than for the case 
sinusoidal applied wave form, since 


Appendix 


estimate the mass resolution system with large number gaps 
may made finding the energy gained from the radio-frequency field 
ion whose transit angle differs only slightly from the optimum angle 
For the general case gaps, and for sinusoidal driving voltage: 


vVe n=m [((2n—1) 8/0 n=m [{2ns/o 


n=1 
Thus, 


For optimum energy transfer and large 
Then, 
(14) 
find the energy transfer transit angles close let where 
small. 
Then from Equation (13) 


— 
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series expansion, then 


Combining Equations (16) and (17) 

for and large, 

Then the difference energy gained and (see Equation (14) given by: 


‘If the percentage mass resolution 


where the mass ion with transit angle and and are the masses 
the ions which are just turned back the retarder grid. 


Then, 
2 2 
From Equation (19) 
where 
and 
Then 
N(N? 
48K 


PHYSICAL ASPECTS THE CONTRACTION HYPOTHESIS 


SCHEIDEGGER 


ABSTRACT 


Several geophysical arguments important the theoretical consideration 
the contraction orogenesis are analyzed detail with respect 
their physical bases. Specifically, shown that thin surface layer 
will fold smaller pattern than thicker surface layer the interior 
shrinks the same amount; that the speed cooling sphere decreases 
some radioactive and hence heat generating material moved from the surface 
towards the center (and conversely); and (c) that the level strain 
cooling sphere the curve must almost straight. Those 
theories which these considerations are important are indicated. 


INTRODUCTION 


noted that the earth heat engine. Several theories have been de- 
veloped for finding relation between the thermodynamic facts that are known 
about the earth and its surface features, such oceans, continents, and moun- 
tain belts. 

According many theories the earth was one stage its life hot, liquid 
body, which quickly solidified and continued cool radiation. Discrepancies 
arise with respect the causes orogenesis, that mountain building. Some 
claim that slow thermal convection currents highly viscous mantle are the 
chief cause orogenesis, but others assume that contraction due cooling 
the interior the earth has that same effect. 

discuss these theories from both geological and physical viewpoints 
geologist, Wilson, and physicist, the writer, have studied the problem 
together and written joint paper (6). The present paper theoretical dis- 
cussion some the basic physical principles that are involved the theory 
the history the earth that was developed there. 


The National Research Council Canada provided funds enable the 
writer pursue most these investigations during the summer 1950 
Toronto. They were completed University. 


Thus should understood that the present author not responsible for 
the geological ideas contained this paper. The object merely discuss 
from physical point view some the theories that have been advanced 
explanation some characteristic features the earth. collection 
theoretical discussions specific questions, which occur connection with 
theory the thermal history the earth, rather than account such 
theory. believed, however, that this paper, together with others written 
recently Toronto (1, all which are based upon the fundamental con- 
traction theory advanced Jeffreys (5), form scientific structure 
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considerable strength which may capable explaining the principal causes 
the earth’s orogenetic movements. The reasons for advocating the con- 
traction hypothesis have been stated previous paper (6). 

The contraction theory stated Jeffreys (5) that the mantle solidified 
outwards from its base the top the liquid iron core and has since been 
cooling conduction without convection currents. From the center the 
earth within about 700 km. the surface there has not been time since the 
earth solidified for any appreciable cooling change volume have taken 
place. Within the region from about 700 km., cooling conduction 
taking place and hence this shell layer contracting and being stretched 
about the unchanging interior. Hence state internal tension. 

Near the surface the rocks have already largely cooled that the surface 
they are thermal equilibrium with the heat provided solar radiation. 
They are therefore not changing very much temperature and the cooling and 
contraction the layer shell beneath them puts the outermost shell into 
state internal compression above level strain km. depth (see 
Reference 11). 

summarize may thus note that the contraction hypothesis upon 
grounds thermal and mechanical behavior divides the earth into three shells. 
These shells are not dependent upon the earth’s composition and hence should 
not confused with such terms core, mantle, and crust. the earth cools 
the boundaries between the shells move deeper into the earth. 

The problem for which Wilson and the writer previously (6) attempted 
solution was find what physical explanation might advanced explain 
the failure the outermost shell. 

has long been known that the active zones the earth lie along the 
Himalayan Mountain chains and belt around the Pacific. These belts are 
where failure occurring. has also been recognized that many island and 
mountain arcs which make these belts are approximately circular shape. 
The problem was therefore discover some mechanism which could explain the 
formation individual arcs and which would allow number arcs 
formed together constitute belts. The solution proposed was that 
contraction below the level strain uniform all directions and that this 
causes failure sliding fracture. was also supposed that there are weak 
points upon the spherical shells and that these failures are shaped like parts 
cones and give arcuate intersections with the spherical surfaces having these 
weak points their centers. 

Examination the seismological and geological evidence has shown that 
earthquakes which give evidence shear failure occur arranged upon such 
conical surfaces zones depths 700 km. (3) and that the centers many 
arcs lie the margins continents near these former margins where they 
might assumed have been weakened deposition deltaic loads 
detritus. The discovery that earthquakes occur depths great 700 km. 
either confirmation Jeffreys’ prediction cooling that depth else 
remarkable coincidence. 
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Along these belts failure volcanoes occur. These and other evidence 
igneous activity show that the fractures are channels which material escapes 
from within the earth. The evidence suggests that the effusive material tends 
lighter and more siliceous than the average rock occurring deep within the 
earth. Geological evidence supplemented radioactive age determinations 
also suggests that the pattern failure has moved from time time and that 
successive failures each contributing siliceous rock material have caused the 
growth continents outwards from nuclei and that this still continuing. 


will our task discuss the following sections the soundness some 
the physical principles which the geological theory outlined above 
founded. doing so, shall take three points one after another and 
investigate what can said about each from the standpoint physicist. 


THE THICKNESS THE EARTH’S CRUST AND MOUNTAIN BUILDING 


The first problem discussed here concerns the relative size present and 
very ancient mountains. Presumably the depth which cooling has penetrated 
and also the level strain have both been moving inwards during geological 
time. Therefore, the crust involved folding and, hence, will shown, the 
size the folds were smaller during the early history the earth and have 
grown larger succeeding periods. There some geological evidence that this 
so. particular, the pattern folds Keewatin earliest Pre-Cambrian 
time shown geological maps Canada shows quite different pattern 
from mountain ranges younger age. 

natural suggestion that the different pattern the Pre-Cambrian 
mountain belts due the deepening the level strain, which supposed 
have taken place the meantime. 

shall investigate now whether such assumption can confirmed 
more theoretical considerations the types folding that must occur when the 
outermost shell above the level strain supposed become thicker. 

Thus, the model the mechanism: mountain building which are 
consider follows. 

Below surface shell constant density assume contracting spherical 
interior. the contraction takes place constant rate, the question arises 
what extent folding depends the thickness the surface shell. 

Let the volume the shell and the inner radius this shell and its 
thickness the shell relatively thin and cool layer, will retain its 
volume almost unchanged during any short period contraction brought 
about cooling the larger and hotter interior. Then have 


(2.1) 


the radius the interior sphere changed the amount and the 
thickness the shell db, then obtain 


However, must vanish, stated above, hence 
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This equation indicates that, for shrinking the interior the amount da, 
the amount material the shell that has moved order make 
continue fit the interior proportional its thickness. 


assume that the shrinking the interior occurs constant rate 
time, then (2.4) becomes 


which indicates that the material the shell that has moved around per 
unit time just proportional the thickness the shell. 

This shows indeed that thin shell must form smaller mountain ranges than 
thick one, the interior shrinks the same amount. Thus, the Keewatin 
folds were formed that manner, they would expected closer together 
than later folds formed similar way. 

may corroborate this statement and estimate how much the mantle has 
give any accurate estimate the quantities involved mountain building, 
most them are imperfectly known that one can only estimate the order 
magnitude. 

Thus, orogenetic diastrophism one may assume that two-thirds two 
great circles about the earth are folded into mountains 2000 high and 300 km. 
wide. The volume increase thus (2/3) km.* 
km.* This corresponds over-all increase thickness the outermost 
shell km. follows from Equation (2.4) 
km., one has 


Thus one needs over-all relative linear contraction 0.05% the interior 
fold these mountains. The radius the interior the earth thereby 
contracting about km. 

shall assume now that the cooling and contraction takes place depths 
between and 700 km. only. Thus the thickness that layer changed from 
630 627 km. during one orogenetic cycle. can calculate the relative 
volume contraction which has therefore occur; 


The relative linear contraction one-third that, and thus equal 0.0035 
0.35%. From the Handbook Physical Constants (4) see that the relative 
linear expansion granite equals about per degree Centigrade, that 


— 


— 
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over-all change temperature 350° the cooling layer will cause sufficient 
contraction give rise the mountains. 

This seems quite reasonable. the temperature the liquid iron core 
assumed about 3500° C., then orogenetic cycles would possible 
while particular part the mantle cooled down from the temperature the 
core the temperature outer space. 


RADIOACTIVITY AND RATE COOLING EARTH 


mentioned the introduction this paper, theory the growth 
continents has been recently postulated. includes the argument that the 
edges existing continents breakages occur the outer shell the earth which 
give rise island arcs. The space between the continent and the island arc 
filled sedimentary material and new volcanic rocks and thus gradually 
becomes incorporated into the continent. Then this procedure starts anew. 
important part this theory that the radioactive elements rise when fracturing 
occurs and thus become concentrated the continental material. This should 
cause hastening the cooling the earth and also have some mechanical 
influence the breakages. this factor was not important the time between 
orogenetic periods might expected have increased with geological time, 
and this does not appear have been the case. 

will therefore investigate whether this assumption agreement with 
the laws heat conduction. seems reasonable that the heat escaping from 
the earth comes mainly from the outer layers and that the deeper parts not 
contribute appreciably that. Thus, there little doubt that radioactive 
material moved upward the speed cooling the earth increases, and con- 
versely. However, actual proof that known us. Because the 
importance the assumption question Wilson’s papers (7-11) seems 
desirable attempt the proof here. 


(a) General Theory 
order investigate the change temperature body have solve 
the equation 


Herein, constant coefficient and the rate creation heat; i.e. 
proportional the radioactivity. shall assumed our model that 
function the space coordinates only. assume that the initial temperature 
and that there radiation the surface have observe the following 
boundary conditions. 


where positive constant the material. Equation (3.3) Newton’s law 
cooling. One has solve first the homogeneous equation (3.1), namely 
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(3.4) 


under the same boundary conditions above (3.2), solution 
obtained the usual manner assuming 


(3.5) T(t) R(X, Z). 
This leads 
(3.6) T/T BAR/R 


where the eigenvalues have determined that the boundary condition 
(3.3) satisfied. The latter leads the eigenvalue equation. Then the 
general solution (3.4) 


(3.7) 
A 
The coefficients are determined that (3.2) fulfilled. 


With the eigenfunctions one can attempt the solution the inhomo- 
geneous equation (3.1) the following way 


This gives inserted into the differential equation (3.1) 
or, means (3.6) 


Multiplied and integrated over the body concerned (because tie 
orthogonality properties the eigenfunctions) 


where are the normalization constants 

(3.12) 

Equation (3.11) can written follows: 

whereof the general solution 

determined the initial conditions. Hence 


are interested the cooling, i.e. the quantity 


q 
2 
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For given initial conditions have certain set functions 


(3.17) 
Hence 


Inserted into (3.16) 


(3.19) only the second term depends the radioactivity. The rate 
cooling increases second term (which denote becomes smaller. 


The general method above now applied the case 
straightforward calculation yields the following eigenfunctions, 


Ry = sin 


The eigenvalues are subject the eigenvalue equation 


order find the rate cooling dependence from the distribution the 
radioactivity assume that the total radioactivity concentrated one 
shell radius thus 


being the Dirac function). 
Thus the dependence the rate cooling sphere such radio- 
active shell 


are interested whether this rate decreases when some the radioactive 
material moved from the surface towards the center. The rate cooling 


decreases 


The differentiation legitimate since the resultant series converges for any 


obtain 


—< 0. 
(3.23) 

— 
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The square bracket (3.24) can rewritten using equation 
(3.20). follows from (3.20) 


Hence 


since essentially positive. 

This the general proof the assumption that the speed cooling 
sphere decreases some radioactive material moved from the surface towards 
the center (and conversely). 

would interesting know how large the effect the change position 
radioactivity is. One might think that one could calculate this directly from 
Equation (3.25). This is, however, not the case. The physical constants which 
occur that equation are not well known that the result turns out 
quite arbitrary. 


CONNECTION BETWEEN STRESSES AND TEMPERATURE THE EARTH 


important problem the contraction theory orogenesis justify 
the assumed distribution stresses the earth. Since the stresses are believed 
due thermal reasons, there must connection between the tempera- 
ture curve and the stresses within the earth. especial importance the 
question whether the assumption strain the neighborhood 
100 km. depth compatible with the data known about the tempera- 
ture distribution. The contraction hypothesis stands falls upon the possi- 
bility the existence such level strain near the specified 

note that already Jeffreys (5, 280), had stated connection between 
the stresses and the temperature the earth. His procedure was follows. 

Consider shell internal radius and thickness Let its coefficient 
linear expansion and the density Let the rise temperature the shell 
dT. Then function alone. The density the shell, ignore 
the small change due compressibility, becomes p(1 Let the radius 
the shell radius become da). Then the external radius becomes 


Hence the mass the shell after the change temperature 


q 
q 
| 
} 
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neglecting the squares and products and dT. But the mass unaltered. 
Hence have the equation continuity: 


(4.2) 


Since supposed known throughout the earth, this differential 
equation determine da. 

Now shell simply expanded without stretching, its radius would increase 
rndT instead rda that the stretching required make continue 
fit its interior r(da ndT) rdS. The expression thus immediately 
connected with the strains. Then this gives 


or 
The differential has understood with respect time. Thus find 
(4.7) 


far have been following But now note that can 
substitute from the heat conduction equation 


spherical coordinates this (if depends only) 

Hence 

or: 


os n k 0 207. "nk 20T 


Now, the object evaluate the integrals Equation (4.11) from the center 
the earth point somewhere the mantle. Thus, have inte- 
grate over the whole core, across the discontinuity between core and mantle, 
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and finally over part the mantle. Let denote the radius the core 
2900 km.), then have discontinuity the integration for Ro. 
Before (undashed) and after (dashed) this level, and are assumed 
constant. Furthermore, neglect the radioactivity for Ro: 


(4.12) 
Thus 


The term from the discontinuity vanishes assume that the temperature 
gradient for vanishes. This may assumed, can believe that the 
temperature roughly constant that depth 2900 km. Then have for 
larger than Ro: 


This the equation connecting stress and temperature the earth. order 
evaluate this equation little more, may ask what the condition for the 
temperature curve that level strain can exist the mantle. The 
condition for level strain according Jeffreys (5) hence 


2 
(4.15) 


have any given temperature distribution within the earth, then the 
layers which the above equation satisfied are levels strain. 
obvious that the position the level strain has nothing with the 
coefficients heat conduction, etc., but determined wholly the shape the 
temperature curve with depth. 

spite these remarks, Jeffreys claims have determined the position 
the level strain from thermodynamic reasons. his calculations 
does not replace the space derivatives. our opinion, this makes 
the whole situation much worse, because now one has know the present rate 
cooling for each layer the earth. the coefficient expansion taken 
constant (at least the mantle), then drops out from the equation 
determining the level strain. Hence entirely incomprehensible 
how should possible connect the level strain with the thermal 
constants the earth, and how Jeffreys arrived his 100 km. from them. 

Jeffreys approximated Equation (4.7) the assumption plane surface 
the earth. can the same thing here. Putting depth, i.e. 
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(4.16) 


and making the same assumptions Jeffreys, Equation (4.7) becomes 


this case, have 


hence 
For the level strain this must vanish, hence 
(4.19) ax? R 


This the condition that corresponds our Equation (4.15) Jeffreys’ 
approximation. not understood why Jeffreys did not consider the exact 
solution, since not more difficult obtain than the approximation (4.16). 
The two solutions are obviously somewhat different that does not seem 
quite legitimate assume that the earth flat. 

can investigate how well several assumptions temperature curves fit 
the concept level strain about km. depth usually postulated 
the contraction hypothesis. The gradient those depths about 
(see Gutenberg (2)). Then, Formula (4.15) gives 


The change the gradient over distance 100 km. the level strain 
becomes 


(4.21) .00025 100 .025 °/km. 


This means that, over distance 100 km., the gradient should change 
the level strain about 1/40°/km., which almost negligible. This 
indicates that the level strain the temperature curve must almost 
straight. This would still the case the temperature gradient were assumed 
much larger. 

Thus, are able see how well several proposed temperature curves fit the 
concept level strain km. depth. Jeffreys (5, Fig. 13) assumes 
line with fairly strong curvature the outer parts the earth (down about 
100 km.) and then rather flat curve with again increase curvature 
greater depth. other words, assumes temperature curve line that 
consists three parts, curved section, flat section, and again curved 
section. The level strain where the curved section joins the flat one. 


dx. 


SCHEIDEGGER: CONTRACTION HYPOTHESIS OROGENESIS 


The temperature curves several other authors are chosen such way 
that the flat part sets depth about km. where one would like have 
the level strain because the contraction hypothesis. (cf. Gutenberg(2, 
162)). The suggestion Gutenberg himself, however, assume strong 
deflection the temperature curve about km. seems substantially different 
this must cause great stresses. any rate, would not suit the contraction 
hypothesis very well. 
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DIELECTRIC BEHAVIOR THE SECOND-ORDER TRANSITIONS 
CHROMIUM SULPHATE, CHROMIUM NITRATE, 
AND NICKEL NITRATE! 


ABSTRACT 


order obtain further evidence concerning the nature the second-order 
transitions which were discovered Vasileff and Grayson-Smith certain salts 
the iron group metals, dielectric measurements have been made tempera- 
tures down about 100° the case the transition 
195° has marked effect the dielectric properties, which clearly due 
the freeing polar molecular groups, that they can oriented electric 
field. The entropy transition close which suggests that two groups 
per molecule are set free, take either two quantized orientations. The 
dipole moment the group which set free can estimated from the tempera- 
ture dependence the dielectric constant just above the transition point and 
has been found 2.17 e.s.u., approximately equal the dipole 
moment the molecule. likely, therefore, that the second-order 
transition this salt caused the freeing two the groups. For 
chromium and nickel nitrates the transitions have observable effect the 
dielectric properties, and suggested that these salts NO; groups are set free. 


INTRODUCTION 


Specific heat measurements made Vasileff and Grayson-Smith (6) have 
shown that several salts the iron group metals have low temperature second- 
order transitions, listed Table The cause these transitions could not 


TABLE 
SECOND-ORDER TRANSITIONS IRON GROUP SALTS 


Salt Transition temperature, 
Cr2(SO4)3.18 195° 
158° 
153° 
149° 


determined from the calorimetric evidence alone. was known that, although 
the materials are all paramagnetic, the magnetic properties are 
down 65° (2). was suspected, therefore, that the transitions were due 
the onset rotation molecular groups within the crystal. The purpose 
the present investigation was see whether further evidence concerning the 
transitions could obtained from study the dielectric properties. Di- 
electric measurements have therefore been made, down about 100° K., with 
hydrated chromium sulphate, chromium nitrate, and nickel nitrate. Anhydrous 
chromium sulphate, which has transition this temperature range, was also 
measured for comparison. 
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MATERIALS USED 


The salts were obtained from the same source (British Drug Houses (Canada) 
Ltd.) those used Vasileff and Grayson-Smith, and had the same purity 
specifications, but were not necessarily from the same batches. The anhydrous 
chromium sulphate was prepared from the hydrate heating about 400° 
until the weight was constant. For three samples the average loss weight 
dehydration amounted 16.7 per molecule evident, 
therefore, that some dehydration the original sample had taken place. 

When the nitrates were exposed the air for few minutes, while the larger 
grains were being broken, visible traces moisture accumulated. These salts 
had kept desiccator over sulphuric acid for two three days before 
they could used. The dry powder was then transferred quickly possible 
the experimental cell and sealed protect from the air. The chromium 
sulphate, either hydrated anhydrous, did not absorb moisture nearly 
rapidly and could transferred the cell immediately after grinding. 


METHOD MEASUREMENT 


Since the information required was mainly the temperature dependence the 
dielectric constant, and there seemed great interest obtaining accurate 
absolute values, was decided that measurements the powdered salts would 
sufficient. For this purpose the salts were packed into the space between 
two concentric brass tubes, forming cylindrical condenser the following 
dimensions: 

Outer diameter 4.242 cm. Inner 3.812 cm. 


Capacitance empty 45.65 


hold the cylinders position they were threaded into lucite rings, with 
little liquid solder the threads seal the cell and protect the salts from 


moisture. 

The condenser cell was suspended over boiling liquid air tall vacuum 
flask, means long brass tube which passed through hole the cover 
the flask, and could fixed any level means set screw. polished 
copper can, closed the bottom, was placed around the cell, reduce the 
vertical temperature gradient and prevent any possibility liquid air 
seeping into the space between the cylinders. lowering the cell assembly 
into the vacuum flask little time, until finally the lower portion the 
protecting can was immersed the liquid air, the temperature could reduced 
very slowly from room temperature about 100° raising the cell to- 
wards the top the flask, and then allowing the liquid air boil away, the 


temperature could slowly increased again. Normally, the cooling process 


extended over about eight hours, and the return room temperature about six 
hours, that many readings could taken closely spaced temperature 
intervals, and the temperature could safely treated constant during the 
few seconds required make capacitance reading. 


{ 
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The temperature the condenser cell was measured means two 
constantan thermocouples held spring clips against the inner and outer walls. 
The thermal e.m.f.’s were measured with potentiometer, and the thermo- 
couples were calibrated the sublimation point carbon dioxide and the 
boiling point oxygen. might expected with the simple method 
temperature control, there was difference temperature between the outer 
and inner thermocouples, amounting times much three degrees. 
was found that the temperature the inner thermocouple changed very regu- 
larly the cooling warming proceeded, while that the outer thermocouple 
was sometimes erratic. The temperatures used abscissae the graphs are 
those the inner thermocouple, and may much one degree lower 
than the mean temperatures the salt samples. This unimportant for the 
purpose the experiment, since the transition temperatures the salts are 
known from the work Vasileff and Grayson-Smith. 

The capacitance the cylindrical condenser containing the salt was 
measured means specially constructed Wien bridge, which shown 
Fig. supporting tube served the lead the outer cylinder the 


Fic. Circuit for measurement dielectric constant low temperatures. 


condenser, while the lead the inner cylinder passed through the tube, forming 
cable. this was parallel with the calibrated variable 
condenser and changes with temperature were always measured 
adjusting restore the previous balance. Effectively, therefore, sub- 
stitution method was used. Towards the upper end the temperature range 


if S 
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covered the measurements, the salts all caused large imaginary component 
the reactance, indicating large dielectric absorption. This was compensated 
adjusting the resistance box R;. When dielectric absorption occurred 
was not possible balance all harmonics the oscillator frequency simultane- 
ously. avoid this difficulty low pass filter was inserted between the bridge 
and the oscilloscope which was used detector. The filter was designed 
pass only the fundamental the oscillator frequency, kilocycles per second, 
and all measurements were made this frequency. 


REDUCTION THE MEASUREMENTS 


When powdered salt used, the dielectric constant obtained from the 
capacitance measurements that mixture salt and air. order 
derive absolute values the dielectric constant the salt necessary 
know the density accurately, and make some assumption concerning the 
shape the grains. The densities are difficult determine, and for all the salts 
question there are large discrepancies between the values reported different 
observers. Therefore, attempt was made derive the dielectric constants 
the salts. Instead, the results have been expressed terms effective 
molecular polarizability, derived directly from the measured dielectric constants 
the powders. 

There still great deal uncertainty concerning the correct expression 
for the dielectric constant, dense mixture terms the polarizabilities, 
the constituent molecules. The classic expression the Lorenz-Lorentz 
formula, 

where the number per cc. molecules the kind the mixture 
salt and air, the number salt molecules much greater than any other n,, 
and the effect the air can neglected. Moreover where 
the mass salt used, the molecular weight, Avogadro’s number, and the 
volume the cell. Thus the density the salt does not enter explicitly. 


However, Formula (1) does not strictly apply solids, especially there 
are polar molecules present which can change their orientation and, will 
appear below, the results the present experiment show that this probably 
the case for hydrated chromium sulphate. (1) has discussed the various 
methods approach the problem. these, the one most appropriate 
chromium sulphate due Onsager (4), who took into account explicitly the 
interaction condensed isotropic medium, and obtained the 
result, 

(2) 


where the electric dipole moment, the polarizability supposing the ori- 
entation fixed, and the molar volume. applying Onsager’s formula the 
powdered salts will again assumed that the effect the air the mixture 


q 
= 
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negligible, and that No/V can replaced mNo/Mv. Equation (2) 
can then written 


2 
(3) 
RESULTS 


Fig. the quantity plotted against the temperature for four different 
runs with hydrated chromium sulphate. The anomaly the dielectric proper- 


Fic. Effective polarizability hydrated chromium sulphate. 


ties, with maximum close the transition temperature 195° K., shows 
clearly that the second-order transition does involve the orientation electric 
dipoles. The nature the transition will discussed further below. Three 
runs made with the same filling the cell are reasonably consistent, and there 
evidence supercooling temperature hysteresis, since temperatures 
where they differ appreciably the curve for decreasing temperature lies between 
the two curves for increasing temperature. One run which was made with 
different sample deviates considerably from the others the absolute values 
a’, although the slope the lower part the curve, and the shape the ano- 
maly, are nearly the same. This can probably attributed the fact that the 
powder was less tightly packed, and that Onsager’s formula applies properly 
only homogeneous material. 


— 
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For the other salts studied there evidence rotating dipoles, and 
Onsager’s formula less appropriate. However, order consistent, and 
order compare the different salts, desirable display the results the 
same way. Therefore Fig. the quantity Formula (3) plotted against 


Fic. Effective polarizability derived from sample runs with salts showing dielectric 
anomalies. 


the temperature for sample runs with chromium nitrate, nickel nitrate, and 
anhydrous chromium sulphate. There sign any irregularity the 
transition temperatures, the nitrates, and these transitions cannot 
involve electric dipoles. Again, different runs, made with different fillings the 
cell, gave different absolute values for a’. 

will noticed that for all the salts studied, including anhydrous chromium 
sulphate, the polarizabilities begin increase very rapidly about 230° 
250° This was accompanied marked effects dielectric absorption, 
shown the need for large changes the compensating resistance the 
bridge circuit, well marked dependence the dielectric properties 
frequency. Different fillings the cell gave quite inconsistent results under 
these conditions, and this temperature range useful conclusions can 
drawn from measurements made the powdered salts. 


NATURE THE TRANSITION CHROMIUM SULPHATE 


Vasileff and Grayson-Smith (6) gave the value 1.41 where the gas 
constant, for the entropy transition This close 
1.386 the agreement being good can expected, since the 
experimental value depends extrapolation the normal specific heat. 
According entropy theorem this indicates that the number 


x 
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configurations the molecules increased factor when the crystal 
passes into disordered state above the transition temperature. The prominent 
change the dielectric properties indicates that molecular groups having 
large dipole moment are set free the transition. possibility which con- 
sistent with the entropy change that two the groups are released, 
that they can take either two quantized orientations, random disorder. 
This would increase the total number configurations factor 2%. 
remains seen whether this also consistent with the change the di- 
electric properties. 

For this purpose necessary separate the dielectric effect the groups 
which are set free the transition from that the remainder the molecule. 
Fig. the curves against temperature are almost linear temperatures 
well below the transition point, This part the curve has been extrapolated 
means the broken straight line, which taken represent approximately 
the polarizability the molecule the ordered state, denoted below 
The difference, has been obtained from the average the four runs 
and taken represent the effect the polar H,O groups the disordered 
state. This quantity plotted against the reciprocal temperature Fig. 


Fic. Effect the freeing electric dipoles the second-order transition chromium 
sulphate. 

Kirkwood (3) has given theory second-order transitions which involve 

rotations electric dipoles and has given theoretical formulae for the excess 

entropy and for the quantity Onsager’s formula (Equation (3)). These 


“3 
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depend upon “order parameter’’, which decreases from low 
rotating groups). Kirkwood’s theory was developed for the case where the 
rotating groups can take any orientation high temperatures and requires 
modification the orientations are quantized. Apart from this modification, 
however, gives only qualitative description the behavior other crystals 
which ought applicable, and again the case chromium sulphate 
there only qualitative agreement. Fig. the part the curve the right 
the maximum represents the temperature region below the transition point, 
where the order parameter decreasing rapidly with increasing temperature, 
and where increasing number dipoles are being set free, but the dependence 
temperature not agreement with the theory. Again, the theory 
predicts abrupt change slope whereas the experiments give 
smooth maximum approximately this temperature. This consistent with 
the specific heat curve, which shows that does not become zero and 
that complete freedom orientation only attained temperature several 
degrees above 

Even the details the curve not agree with theory the neighborhood 
the transition point, temperatures far enough above that nearly all the 
dipoles are free the quantity should depend temperature through 
term where the number free dipoles per molecule. the left 
the maximum the curve Fig. nearly linear, temperature about 
230° this temperature the dielectric constant the crystal whole 
begins increase rapidly, noted above, and the extrapolation becomes 
meaningless. The slope the linear portion the curve gives 


Assuming suggested above, this gives 


for the electric moment the dipole involved. The dipole moment the 
molecule, derived from Stranathan’s measurements the dielectric 
constant water vapor (5), e.s.u. The agreement close 
enough support the suggestion that the second-order transition 
caused the freeing two the groups. For example, 
assuming would give value the dipole moment high very 
unlikely. Moreover, molecular group with dipole moment much smaller 
than that could not cause the large effect observed. 


With regard chromium nitrate and nickel nitrate, the absence any 
change polarizability the transition points shows that the polar groups 
maintain their fixed orientations the crystal. both these materials, there- 
fore, the second-order transitions are probably caused rotations the NO; 


groups. 


= 
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DESIGN AND USE COINCIDENCE CIRCUIT 
SHORT RESOLVING TIME! 


ABSTRACT 


coincidence circuit for use with anthracene stilbene scintillation counters 
described. Its resolving time lies the sec, range, agreement with 
theoretical estimates the minimum possible resolving time with these scintil- 
lation counters. Examples are given the use the circuit the measurement 
short gamma-ray half-lives and, conjunction with beta-ray spectrometers, 
the determination the details radioactive disintegration schemes. The 
new results given these examples are follows: 


Gamma Radiation shown 
energy, Emitted Parent Half-life, precede gamma-ray 
kev. activity sec. first column 

4.8+ 2.0 284 kev. gamma 
364 <€ 107° — 


INTRODUCTION 


The coincidence circuit described here designed exploit the full 
the short resolving times possible with present day scintillation counters. The 
resolving times obtained are the sec. range. 

The resolving time coincidence circuit equal where 
the chance coincidence rate measured when the two counters the circuit 
are counting unrelated events rates and respectively. The resolving 
time may also measured observing the prompt coincidence resolution 
curve the coincidence circuit, i.e. the curve coincidence rate function 
the delay time artificially inserted series with each counter turn. 
then have equal the effective width the resolution curve (the area under 
the curve divided its maximum height). For the usual shape resolution 
curve found practice, this figure roughly equal the full width half 
maximum the resolution curve. The resolving time quoted 270, the full 
effective width the resolution curve, rather than the more usual half width, 
because its fundamental nature mentioned above, and because the full width 
-has clear meaning when the resolution curve not symmetrical. The symbol 
used avoid confusion with mean life being measured with the coinci- 
dence circuit, but otherwise the notation agrees with older usage (7). 
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The present coincidence circuit was first briefly described Bell and 
Petch (4). has been used the measurement gamma-ray half-lives near 
sec. (3, and, conjunction with beta-ray. spectrometers, the investi- 
gation disintegration schemes coincidence techniques (8). Burcham (5) 
has used similar circuit for the investigation coincidences 
(d,p) reactions. Petch and Johns (17) have used the circuit experiment 
the angular correlation the gamma rays. McGowan (13) and 
Lundby (11) have recently described circuits which are similar part. Bay (2) 
has recently published coincidence circuit having resolving time few 
times sec. when used with the pulses from electron multipliers. shown 
the next section, however, that the resolving time obtainable with anthracene 
and scintillation counters limited the sec. region the 
limited speed the phosphors, for electron energies the region 100 kev. 
must therefore adopt the view that the scintillation counters, including 
their phosphors, form part the coincidence circuit and cannot logically 
separated from it. 

II. ULTIMATE RESOLVING TIMES 


The advantages short coincidence resolving times are obvious that 
interest estimate the ultimate resolving times possible with the presently 
available scintillation phosphors. will restrict ourselves the two best 
known organic phosphors, anthracene and excited beta rays 
secondary electrons produced gamma rays. Suppose that each photo- 
multiplier tube introduces transit-time spread its pulses, and that the 
coincidence circuit sufficient sensitivity actuated the pulse due 
single photoelectron produced the photocathode. clear that the resolving 
time such arrangement limited only the uncertainty the time 
ejection the first photoelectron from the photocathode after the excitation 
the phosphor the particle being counted and that refinements the 
circuit can shorten the resolving time below this limit. Suppose the total number 
photoelectrons produced during the pulse Post and Schiff (18) have 
shown that the mean time delay for the appearance the first photoelectron 


where the mean life the light flash from the phosphor, about 2.4 
for anthracene and sec. for trans-stilbene. Thus the action the 
phosphor give each counter built-in mean life for the appearance the 
first photoelectron equal order have probability 0.95 observing 
the first photoelectron, must wait time roughly equal after the exci- 
tation the phosphor the electron being counted. otherwise perfect 
coincidence circuit having resolving time would then have coinci- 
dence efficiency 0.90.* With RCA-1P21 photomultipliers and 
careful attention light collection, may expect E/3 for anthracene 
and E/4 for trans-stilbene, where the electron energy 
*That is, would miss only 10% the true occurring. 


BELL AL.: COINCIDENCE CIRCUIT SHORT RESOLVING TIME 


electron volts expended the crystal. can now write down the theoretical 
minimum resolving time for 90% coincidence efficiency, with the aid 
Equation (1): 

must emphasized that Equations (2) and (3) give the limit due the 
phosphor alone, assuming contribution the resolving time from transit- 
time spread the photomultipliers inadequacies the rest the coincidence 
circuit. Shorter resolving times can achieved allowing the coincidence 
efficiency drop below 90%. (2) and (3) are presented graphical 
form Fig. The curves Fig. suggest minimum resolving times the 


MINIMUM 


FOR COINCIDENCE 
EFFICIENCY » 90% 


%, 


2T. (THEORETICAL MINIMUM), SECONDS 


ENERGY KEV. 
Fic. Curves showing the estimated minimum possible resolving times for 90% coinci- 
dence efficiency for scintillation counters using anthracene and phosphors and 
type 1P21 photomultipliers. 
region 100 kev. electron energy 4.5 sec. for anthracene and 
sec. for trans-stilbene. the prompt coincidence resolution curve plotted 
logarithmic scale, the sides the resolution curve should have slopes numerically 
equal Thus the slope the sides the resolution curve should such 
that the counting rate changes factor two for inserted delay about 
one-ninth these figures. Since the experimental performance the present 
coincidence circuit agrees with these figures (Section IV), may assume that 
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the circuit does fact respond the first photoelectron ejected from the 
photocathode, and that transit-time spread the photomultipliers not 
serious effect these resolving times. 

clear from Fig. that when measurements are being made near the limit 
resolving time, care must taken see that the influence the electron 
energy the resolving time correctly taken into account. also clear 
that the resolving obtainable with electrons unselected energy incident 
the phosphor will slightly longer than those shown Fig. which apply 
when electrons single energy are incident each counter. 


THE COINCIDENCE CIRCUIT 
complete schematic diagram the coincidence circuit given Fig. 
Only those parts the circuit that are concerned with high-speed pulses are 


CABLE 
LENGTH 


100 n CABLE 


AMPLIFIER AMPLIFIER 
GAIN 1000 GAIN 1000 


Fic. Schematic circuit diagram the coincidence circuit. Only those parts concerned 
with the short pulses are shown detail. 


shown detail, since the remainder the circuit consists only conventional 
amplifiers, discriminators, scalers, and coincidence mixers. 

Fig. type 1P21 photomultiplier whose negative anode pulses are 
impressed the grid order that the pulse produced 
single electron released from the photocathode may large enough 
v.) cut off the standing plate current V2, the gain the 1P21 must 
1P21 tube must therefore run applied voltage least 2000 v.; 2400 
customary. Some increase the number noise pulses relative the 
number true pulses noticed these voltages. 1P21 tubes are found 
improve this respect with continued application high voltage. most 
experiments either the pulse size large enough that the noise pulses may 


ANODE 1K 900 LENGTH L, V5, LENGTH .0 200 
10K 
ALL 
ONE 
PULSE HEIGHT PULSE HEIGHT PULSE HEIGHT 
DISCRIMINATOR DISCRIMINATOR DISCRIMINATOR 
RATE METER RATE METER 
TRIPLE COINC. 
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biased out, the true counting rate high that very considerable noise 
counting rates are tolerable. extreme cases may necessary cool the 
photomultiplier. fact that satisfactory coincidence results have been 
achieved with electron energies the kev. range (3,8) without cooling 
suggests that cooling necessary only for the lowest electron energies. 

Fig. and are sections coaxial cable characteristic impedance 
100 ohms, terminated 100 ohm resistors. These cable sections have 
action other than that serving connecting leads and delaying the pulses 
from the individual counters. The action the coincidence circuit can 
understood from the simplified equivalent circuit Fig. where and 
have been omitted. 


SHORT 
circuit 


Fic. Simplified equivalent circuit diagram the part the coincidence circuit con- 
the short pulses. The supplying d-c. voltage the plates and has 
ignored, 


10 
CUT-OFF LEVEL 
OF Vp 


* PULSE TRANSMITTED ON Lo 


0.25 Vv. 
\ purse REFLECTED BY Lo 


RESULTANT 
PULSE 


(a) Voltage wave form the anode (or and grid (or Vs) for single 
counting event; formation the clipped and limited pulse the plates and 
Fig. the cable junction Fig. Neither these wave forms has been observed other 


than the over-all action the coincidence circuit. 


Suppose only counting. single counting event causes anode and 
grid negative with pulse wave form the type Fig. The 


le son 
CABLE 
in 
100 
= 
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falling part the pulse the sum number smaller pulses each due 
the ejection single electron the photocathode. The first these smaller 
pulses large enough cut off the standing plate current The smoothed 
out shape the falling part the pulse 


where again the phosphor decay time. The pulse recovers with the time 
constant where kilohms and the capacity anode plus 
grid, say (Fig. Thus about sec., and remains cut 
off for several times sec., guard against spurious pulses immediately 
following the main one. When the current cut off ma., the pulse 
the 25-ohm plate load limited 0.25 height, and clipped reflection 
the short-circuited cable length sec., where the transit time 
cable The formation this clipped pulse explained Fig. 

the bias diode now set 0.25 v., part the clipped and limited 
pulse can reach amplifier conduction through practice small 
pulses reach transmission through the capacity with widely dis- 
tributed amplitude; they are removed from the output amplifier setting 
discriminator (Fig. small bias just sufficient reject them all. 

Supposing now that and both counting (see Fig. 2), two pulses which 
occur within the resolving time amplifier but not within sec. each 
other will not overlap and can cause output most from amplifier 
since then integrates the two pulses. eliminate this effect the bias 
must least When, however, the two pulses overlap that 
part the combined pulse greater than 0.25 transmitted conduction 
through and amplifier then has large output, many times 2E. Because 
the last fact, the setting-of discriminator not critical; has been custom- 
ary this laboratory set about that about four times the setting 
which pulses from single counter are just cut off. not even necessary 
set the bias diode exactly the value, this case 0.25 v., 
because all that required that act nonlinear element whose trans- 
mission double size pulse many times that single size pulse. Because 
the noncritical nature the bias settings, the coincidence circuit stable 
operation any normal electronic equipment. 

The pulses which now reach scaler are the unselected coincidences; pulse 
height selection and the determination the counting rates the individual 
counters are done means the two side channels, and (Fig. 2), and the 
triple coincidence unit. Amplifiers and accept untreated pulses from the 
last dynodes and and discriminators and select from the output 
and only those pulses larger than the desired amplitude. Much lower 
gains than those indicated Fig. would acceptable for amplifiers and 
the connecting cables from the photomultipliers were not terminated 
shown. The termination convenience, however, because makes the per 
formance the circuit independent the length these connecting cables. 


| 
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The triple coincidence unit then selects out all the coincidences appearing 
only those that have been formed pulses whose amplitudes lie within the 
ranges selected and D;. This method postcoincidence pulse height 
avoids the difficulties pulse height selection where very high-speed 
pulses are transmitted. obvious extension the circuit Fig. 
the simple discriminators and may replaced single-channel multi- 
channel pulse height analyzers, for scintillation spectrometry conjunction 
with the coincidence circuit. 

The triple coincidence unit may any conventional the present 
equipment its resolving time about easily seen that chance triple 
coincidences cannot contribute appreciably the chance coincidence rate 
the over-all system. Owing this system pulse height selection, im- 
possible for pulse from single counter give spurious coincidence pulse. 

The resolving time the coincidence circuit chiefly determined the 
length the clipping cable and given approximately where 
before, the pulse transit time cable The observed value also 
somewhat influenced the settings and (Fig. and the electron 
energy dissipated the scintillation phosphor, suggested previously. 

practice, cable length 50-ohm RG/8U cable, and and 
consist least part 100-ohm RG/7U cable. Variable delay the pulses 


‘is introduced lengthening The propagation velocity for RG/8U 


cable and for RG/7U cable For manual operation, delay times 
can varied plugging different lengths RG/7U cable and out the 
circuit positions and For automatic operation, two variable-delay 
units have been used this laboratory. The first pair motor-driven 
wafer-type rotary switches which graded lengths RG/7U cable are switched 
and out the circuit, giving total range delay 2.7 
vision made for causing the switches advance predetermined intervals, 
and for recording the positions the switches and the counting rate appropriate 
the delay inserted ma. recorders. This device 
satisfactory for resolving times sec. greater, but shorter 
resolving times the uncertainties lead length and the variable loss signal 
due the variable stray capacities and inductances the switches become 
increasingly evident. The second variable delay unit consists air-spaced 
coaxial transmission line 100 ohm characteristic impedance made the form 
helix in. diameter. The arrangement sketched Fig. The outer 
conductor the transmission line was formed cutting, effect, square 
cross section screw thread the surface brass cylinder. hard drawn 
copper wire supported lucite posts then acts center conductor coaxial 
transmission line square shield with one side open. small carriage with 
contact pressing the center conductor contains and the first stage 
amplifier (see Fig. driven along the screw thread the drum 
turned, that delay taken out one side the circuit and inserted into the 
other. The pulses from the photomultipliers are led through the end bearings 
the rotating drum. Switches and index contacts are provided that the 
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DIODE BIAS 
CABLES 


FIRST 


AMPLIFIER STAGE DIODE 


MOVING CARRIAGE CARRIAGE RAILS 


CENTER BEARING 
CONDUCTOR 


HELICAL DELAY UNIT 
EXPLANATORY DIAGRAM ONLY 


Fic. Sketch explaining the principle the helical delay unit. The drawing not 
scale, and most the mechanical and electrical drive details been omitted. The short 
pulses enter and leave through the end bearings. 


drum may stopped automatically any one different delay positions 
covering total range 6.4 sec., the smallest delay step being 
sec. This unit, though complex mechanically, electrically very satisfactory, 
and shows almost sign variable loss pulse size the delay changed. 
Either the two automatic delay units converts the coincidence circuit into 
single-channel channel width equal 279. All coincidence 
resolution curves shown this paper were recorded with one other these 
two delay units, often over periods many hours. 

The scintillation counters for the circuit are fully mobile, being mounted 
small metal boxes which contain the limiting pentodes V3, Fig. 2). 
Cables connect the small boxes the appropriate power supplies and the 
delay unit and amplifier chasses. All leads for the high speed parts the circuit 
are kept short and direct, since band width some hundreds megacycles 
required preserve the form these short pulses. 


END 
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IV. RESULTS 


(a) Performance the Circuit 

The performance the coincidence circuit best judged measuring its 
resolution curve under known conditions. Typical resolution curves for 
gamma coincidences with anthracene phosphor crystals were shown previous 
publication (4) indicating resolving time about sec. Further 
curves will shown here indicating how the use the faster trans-stilbene 
phosphor enables the resolving time shortened. 

Resolution curves are measured observing the coincidence counting rate 
function the delay time inserted series with one the counters. (Delay 
inserted series with one the counters course the equivalent negative 
delay inserted series with the other.) The resolution curve Fig. was 


10%, 


PROMPT COINCIDENCE 
RESOLUTION CURVE 


COINCIDENCE COUNTING RATE 
~ 


INSERTED DELAY SECOND COUNTER, SEC. UNITS 


Fic. Prompt coincidence resolution curve observed when hard beta rays were sent 
through the thin crystal the first counter into the crystal the 
second counter. chance coincidences have had subtracted, since none occur such 
arrangement. The standard deviations the points are indicated vertical bars. 
recorded for the case when hard beta particles from radioactive source were 
passed through the thin crystal one counter into the 
stilbene crystal the second counter. The pulse size from the thin crystal was 
equal that produced electrons about 100 kev. The chief advantage 
this method that the chance coincidence rate zero, and the true coincidence 
rate may followed down for several decades from its peak without any 


eee 
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interference from chance events. The curve Fig. shows resolving time 
2.1 sec. The slopes the sides the curve are such that the 
coincidence rate falls factor two 2.4 sec. (left side curve) 
1.6 sec. (right side curve). The slight asymmetry the curve 
Fig. attributable the fact that the pulses from the first counter, whose 
crystal traversed the beta particles, are more nearly uniform size than 
those from the second counter. The resolution curve Fig. was recorded 
with clipping cable air-equivalent length cm. and hence transit time 
sec., good agreement with the observed value. The coincidence efficiency for 
this case was about 85%. 

When the resolving time made long enough that the coincidence efficiency 
100%, the resolution curve displays noticeable flat top, condition which 
was just being approached Fig. The flat-topped effect shown the 
resolution curve Fig. This curve was recorded with source 


100 


PROMPT COINCIDENCE RESOLUTION CURVE 


#94210 SEC. 


COINCIDENCE COUNTING RATE 


INSERTED DELAY, SEC. 


Fic. Prompt coincidence resclution curve flat top, observed when the resolving 
time lengthened beyond the minimum. The coincidence ciency this case was 100%. 
The standard deviations the points are indicated vertical bars. 
thin film the center pair lens-type beta-ray spectrometers placed end 
The two stilbene scintillation counters the coincidence circuit acted 
detectors for the two spectrometers. One spectrometer was set focus the 
K-conversion line the 411 kev. gamma ray which follows the beta rays 
and the other spectrometer was set the beta continuum beside the line. 
The 411 kev. gamma ray shown later this paper have half-life near 
sec., that Fig. shows curve which effectively prompt resolution 
curve. The coincidence efficiency could now checked follows: From 
Fig. and knowledge the counting rates the two counters (scalers and 
Fig. the strength the source could calculated. The result was 
(1.260 0.019) disintegrations per second, assuming coincidence ef- 
ficiency 100%. The same source was allowed decay for days and then 
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measured conventional coincidence methods Hawkings. 
The latter result, corrected for decay, was (1.268 0.028) disintegrations 
per second. The agreement the two results shows that the assumption 
100% coincidence efficiency correct within the combined standard deviation 
the measurements. The coincidence circuit may thus used for assaying 
source strengths the coincidence method; owing the short resolving time 
available much larger sources may measured than usual this technique, 
with correspondingly reduced time measurement. 


(b) Measurement Short Half-lives 


The delayed-coincidence method has been used many times for the measure- 
ment short half-lives introduction coincidence circuits with re- 


SEC. 
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= 


P(x) PROMPT COINCIDENCES 


F(x) COINCIDENCES WITH 
1S8 KEV. GAMMA 


COINCIDENCE COUNTING RATE 


LINEAR SCALE 


INSERTED DELAY, SEC. UNITS 


Fic. Delayed coincidence resolution curve F(x) for the 158 kev. gamma ray 
with curve P(x) for comparison; (a) logarithmic scale, (b) linear scale. The 
life the gamma ray can measured the slope the right-hand part log F(x) (a) 


sec. The standard deviations the points are indicated vertical bars. 
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solving times the sec. range and the theoretical analyses Newton (16) 
and Bay (1) have combined permit the measurement this method half- 
lives short few times sec. The method may understood 
reference Fig. which gives the results delayed-coincidence experiment 
performed the line the 158 kev. gamma ray emitted 
following the beta disintegration The experiment was carried out 
the pair beta-ray spectrometers mentioned above. One spectrometer was held 
focused the 145 kev. L-conversion peak the 158 kev. gamma ray, while 
the second was focused beta rays the continuum. 


Fig. F(x) the delayed coincidence resolution curve observed under 
these conditions, where the inserted time delay. The prompt resolution 
curve P(x) was obtained replacing the source source ThB. 
The coincidences then obtained were due the 147 kev. F-line ThB one 
spectrometer, and beta rays the other, before. The half-life the ThB 
F-line had been shown less than sec. separate experiment (see 
below). Fig. positive values correspond delaying the pulses from 
the counter recording the beta rays the continuum. Chance coincidences 
have been subtracted from both P(x) and F(x), and the two curves have been 
plotted the same included area Fig. Fig. logarithmic plot 
the same data. the delayed coincidence resolution curve F(x) due 
single delayed radiation decay constant then Newton (16) has shown that 


which the parameter disappears. 
Differentiating Equation (4), 


(5) \(P F), 
and 


From these equations easy deduce the following properties for the curves 
Fig. 

(a) F(x) and P(x) rise the same point the left, 

(b) only single lifetime present F(x), then from Equation (5), F(x) 
and P(x) intersect the maximum F(x), 

(c) only single lifetime present F(x), and the curvature log P(x) 
nowhere positive, Fig. 8(a), then the curvature log F(x) nowhere 
positive. deviation from this rule means that more than one lifetime 
present F(x), 

(d) positive delays great enough that P(x), F(x) falls off 
Ax), from Equation (6), 
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(e) the centroid F(x) displaced positively along the x-axis from the 
centroid P(x) amount the mean life the delayed radiation, 
first shown Bay (1). 

these properties coincidence resolution curves, (a), (c) are useful 
checks the consistency delayed-coincidence experiment, and (d) and (e) 
may used evaluate the mean life that being measured. All the properties 
are illustrated Fig. and evaluating the mean life, (d) most 
useful when long compared with the resolving time and (e) essential 
when short compared with Fig. represents intermediate case where 
both (d) and (e) can applied. (As usual experimental work, the results 
quoted half-lives rather than mean lives.) Using Equation (7) and fitting 
least squares all points positive delays greater than sec., get 
(2.26 0.12) Using the centroid procedure (e), carrying the 
statistical standard deviations the measured points through the numerical 
computation the centroids, get (2.43 0.12) sec. The two 
results are seen consistent, and the half-life the 158 kev. gamma tran- 


the quoted standard deviation being about double the statistical one allow 
for possible systematic errors. The observed half-life consistent with the 
assumption that this gamma ray electric quadrupole radiation (19). Two 
other experimental runs, not shown here, have verified the above measured 
value 

Fig. gives second example the procedure for measuring half-lives. 
the case Fig. the delayed radiation was the K-conversion line the kev. 
gamma transition following the beta disintegration Here the 
mean life the delayed radiation short that the centroid procedure makes 
best use the data; the half-life found (4.8 0.8) Again 
making allowance for possible systematic errors, give for this half-life 


This value the half-life consistent with the expected value for magnetic 
dipole radiation (19). 

third example the technique measuring short half-lives, take the 
411 kev. gamma ray emitted following the beta disintegration 
For this case more sensitive method detecting short half-lives was used, the 
so-called ‘‘self-comparison” method, which the resolution curve for the 
conversion electrons was compared, not with prompt resolution curve, but with 
its own inverse. The shift between the centroids the two resolution curves 
thin aluminum foil placed the center the pair lens beta-ray 
spectrometers mentioned previously. Let the two spectrometers called the 
north and the south spectrometer. For the first run, the north spectrometer 
focused the beta-ray continuum just below the K-conversion line the 411 
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kev. gamma ray, and the south spectrometer focused the line. For the 
second run, both spectrometers have their currents the same small 
percentage, that the north spectrometer now the line, and the south 
spectrometer the beta-ray continuum just above the K-conversion line. 
Thus all effects the coincidence resolution curve arising from changes between 
runs the electron energy momentum are and the same direction 
for both spectrometers. the same time, each counter counting only electrons 


single energy any one time, and this the condition for the best resolution 
curve. 


RESOLUTION CURVES 


COINCIDENCES WITH KEV. GAMMA 


COINCIDENCE COUNTING RATE 


eee 


INSERTED DELAY, 10° SEC. UNITS 


Fic. Delayed coincidence resolution curve F(x) for the kev. gamma ray 
with prompt curve P(x) for comparison. The half-life the gamma ray measured the 
shift the centroid F(x) the right. The result 2.0) sec. The 
standard deviations the points are indicated vertical bars. 


The pair resolution curves found this experiment shown Fig. 10. 
The curve resulting from the second run (lower curve Fig. 10) should lie 
the right the curve resulting from the first run (upper curve Fig. 10) 
2.89 T;. obvious from Fig. that the shift very small. Applying the 
centroid calculation the points Fig. find for the 411 kev. gamma ray 


Since the standard deviation greater than the measured value, this result 
means that the half-life the 411 kev. gamma ray less than, say, 
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sec. Moon (15) has shown the resonant nuclear scattering gamma rays 
that the half-life this gamma ray cannot much less than about sec. 
The present upper limit combined with Moon’s lower limit shows that the half- 
life this gamma ray lies the region sec. Previous measurements 
the delayed coincidence method fell into two groups, one agreeing with the 
present result showing half-life less than about sec. (4, and the 
other showing half-life near sec. (14, 12), figure exceeding that 
derived here factor The cause the discrepancy probably lies 


FIRST RUN SECOND RUN 


COINCIDENCE COUNTING RATE 


RESOLUTION CURVES 


0.01 


-2 


1 3 
DELAY INSERTED IN “SOUTH” PULSES, 16° SEC. UNITS 


Fig. 10. Self-comparison resolution curves for the 411 kev. gamma ray The 
delayed resolution curve marked the inverse the curve marked run”, 
and should lie the right the run” curve 2.89 The result for 1.7) 
sec. The standard deviations the points are indicated vertical bars. 


either defects some earlier delayed coincidence techniques, lack 
identification the radiation causing the observed half-life the earlier experi- 
ments. half-life the order sec. consistent with the theoretical 
value for electric quadrupole radiation (19). 

Similar experiments the self-comparison method have shown that the half- 
lives the F-line ThB and the 364 kev. gamma ray following the 
beta disintegration are both less than sec., and that the half-life 
the 207 kev. gamma ray following the beta disintegration 
less than sec. 
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(c) Coincidence Measurements the Beta-ray Spectrometer 


The coincidence circuit has been used the study radioactive disintegration 
schemes conjunction with the pair beta-ray spectrometers mentioned previ- 
ously. most cases radioactive source mounted thin foil the center 
the pair lens spectrometers; with the two counters the coincidence 
circuit acting detectors for the two spectrometers, time correlations between 
different radiations focused the two spectrometers can then investigated. 
addition, course, ordinary beta-ray spectroscopy can carried on. 
lowance must made the coincidence measurements for the finite delay due 
the transit time the electrons through the spectrometer function the 
electron energy being focused, but otherwise the method straightforward. 


BETA RAY AND COINCIDENCE SPECTRA 
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Fic. 11. Section the beta-ray spectrum one spectrometer plotted together with 
the spectrum coincidences observed when the other spectrometer held focused the 
K-conversion line the kev. gamma ray and, necessity, the beta-ray con- 
tinuum forming background under it. The background continuum amounted about half 
the height the K80 line. This figure shows that the kev. gamma ray cascade with 
the 284 kev. gamma ray but not with the 364 kev. gamma ray. The standard deviations 
the points are indicated vertical bars. 


The source strength used typically the order 0.2 mc. Each spectrometer 
has resolution momentum the order and transmission about 
0.4%. The true coincidence counting rates obtained vary from less than 0.1 
more than 100 per minute. Automatic current-switching used for the spectro- 
meters, with automatic recording results. One the motor-driven delay 
units can connected into the circuit record successively true-plus- 
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chance coincidences and chance-alone coincidences for each setting the 
spectrometer coil current. 

first example the use coincidence beta-ray spectroscopy, take 
the prominent 80, 284, and 364 kev. gamma transitions following the 
beta disintegration Lind al. (10) have shown that the sum the ener- 
gies the and 284 kev. gammas equal that the 364 kev. gamma within 
one part 4500. There thus strong presumption that the and 284 kev. 
gamma rays form cascade pair parallel with the 364 kev. gamma ray. The 
direct proof this presumption shown Fig. 11, which shows part the 
beta-ray spectrum observed the north spectrometer while the south 
spectrometer remained focused the K-conversion line the kev. gamma 
ray (the The beta-ray continuum formed background under the 
K80 line amounting about half the height the line itself. 

The coincidence spectrum Fig. shows continuum due coincidences 
between the K80 line and the beta-ray continuum the gross spectrum, plus 
small peaks corresponding coincidences between the beta rays under the K80 
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Fic. 12. Fermi plots the gross beta-ray spectrum one spectrometer and 
the spectrum coincidences observed when the other spectrometer held focused turn 
conversion lines the 158 and 207 kev. gamma rays This figure shows that the 158 
gamma ray follows beta having its end point 297 kev., and that the 
207 kev. gamma ray follows beta spectrum having its end point kev. The 
standard deviations the points are indicated vertical bars. 


line and the conversion lines the 284 and 364 kev. gamma rays, plus relatively 
large peaks due coincidences between the K80 line and the and conversion 
lines the 284 kev. gamma ray. The conclusion about the arrangement the 
gamma rays follows from this analysis Fig. 11. 
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second example taken from the spectrum this case the 
L-conversion line the 158 kev. gamma ray was held focused the 
north spectrometer while the south spectrometer was scanned over the 
beta spectrum. The results are presented the form Fermi plots the gross 
beta-ray spectrum and the coincidence spectrum Fig. 12. seen that, 
where the Fermi plot the gross spectrum has extrapolated end point 
460 kev. and appears consist two possibly three components, the 
coincidence Fermi plot has end point 297 kev. The 158 kev. gamma 
ray therefore follows beta spectrum having end point 297 kev. 
shown Fig. 12, similar experiment for the 207 kev. gamma ray has demon- 
strated that the 207 kev. gamma ray follows beta spectrum 
having end point 250 kev., and hence that the gross beta-ray spectrum 
does consist least three components. This second result particularly shows 
the value the above coincidence procedure, since difficult pick out the 
250 kev. end point the gross beta-ray Fermi plot, even the unwarranted 
assumption made that all the beta-ray components have the allowed shape. 


similar experiment has been performed the 637 and 722 kev. gamma rays 
following the beta disintegration The results showed that the 
637 kev. gamma ray follows beta spectrum having its end point 335 
kev., while the 722 kev. gamma ray follows beta spectrum having its end 
point 250 kev. 
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THE COLLISION MATRIX FOR THE COMPOUND 


ABSTRACT 


The nuclear collision matrix calculated under the restrictions the 
compound nucleus hypothesis. The matrix found contains only 
determined function, phase shift caused nuclear interaction. Cross 
sections are evaluated terms set constants, and functions de- 
termined the non-nuclear potentials. 


INTRODUCTION 


The most convenient tool for the discussion nuclear reactions among many 
particles the so-called collision matrix developed particularly Wigner 
and his collaborators 7). This gives the amplitudes the outgoing waves 
scattered particles and reaction products when the amplitudes the ingoing 
waves are assigned. Unfortunately the general form this matrix somewhat 
complicated. 

The work presented here find approximate simplified form 
for the collision matrix The procedure impose the condition that 
compound nucleus formed, whose mode disintegration and internal density 
are independent its mode formation. This assumption just the one which 
has been used since was suggested Bohr 1936 (2), but its implications for 
the collision matrix not seem have been calculated detail. 

The compound nucleus concept probably does not provide accurate de- 
scription nuclear processes, but generally assumed reasonably 
good approximation for reactions large nuclei not too great energy. 

The general collision matrix may factorized the form where 
diagonal unitary matrix which contains the so-called 
i.e. its elements are the phase-shifts calculable from the non-nuclear potential. 
The reduced matrix also unitary and has eigenvalues the form 
where the anglesrare phase shifts caused specifically nuclear forces. the 
general case there will possible values where the number differ- 
ent energetically possible ways which the given system nucleons may dis- 
integrate, i.e. the dimension 

The first part the compound nucleus assumption requires that there only 
two distinct eigenvalues the value which (V—1) fold degenerate, 
and one nontrivial, nondegenerate value i.e. that only one specifically 
nuclear phase shift arises from given compound nucleus. 

The assumption that the interior density the same for any choice in- 
coming currents then establishes the form the potential scattering terms and 
the penetration factors. The final result that all cross sections for processes 
which through given compound nucleus may expressed terms the 
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energy function finite set constants (one for each mode splitting), 
and quantities calculable from the external potential. 

The usual criterion for the formation compound that the 
branching ratios for reaction products independent the incoming currents. 
There another criterion which does not seem have been noticed 
for each particular compound nucleus there value the energy between each 
pair resonances which the cross section for every reaction (except scattering) 
zero. the existence this zero could shown for some system, would 
good evidence the validity the compound nucleus concept for that system. 
However the observation would difficult because most experiments may form 
several different compound nuclei; i.e. several different spin values. 

The above results are obtained Section and discussed Section The 
scattering and absorption cross sections are, course, among those obtained 
from this development, and they bear close resemblance those obtained 
Feshbach, Peaslee, and Weisskopf (3). the other hand the form imposed 
Wigner’s general matrix the compound nucleus hypothesis found the 
appendix. Hence the present paper demonstrates the relation between these 
two treatments the problem. 

The work restricted disintegrations into just two fragments. Non- 
relativistic equations are used throughout, the results not apply, princi- 

There one observation terminology. The word used desig- 
nate pair fragments given kind, internal energy, combined spin, and rela- 
tive angular momentum. The wave functions are discussed 3A-dimensional 
configuration space, where the number nucleons the system. oc- 
casion the word used designate that part the 3A-dimensional 
space which the wave functions describing particular split not vanish. 


DEFINITION THE COLLISION MATRIX 


work with wave functions which describe stationary state nucleons, 
with total energy and angular momentum indicated the numbers 
and M(z-component). These functions depend spin variables and 
the position coordinates the nucleons. Because the short range 
nuclear forces the 3A-dimensional configuration space may supposed 
divided into two regions the closed hypersurface defined Wigner and 
Eisenbud (6). such that all points its interior the wave function must 
describe all nucleons nuclear interaction, while points exterior the 
wave function describes the system split into two more groups nucleons 
with nuclear interaction between the groups. 

This discussion limited the case that only two subnuclei appear the 
external region. However this splitting may done many ways, that the 
total will sum functions each which describes the system one 
particular splitting. write, again following Wigner and Eisenbud, 


a,t m 
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Here the radial wave function the relative coordinates the centers 
mass the two fragments formed the split the usual tesseral 
harmonic function the relative angular coordinates. the product the 
internal wave functions the two fragments, which describes the actual 
groups nucleons, together with their internal energies which sum and 
their spins which combine form total spin specifies the 
z-component this combined spin. The sum over includes sum over all 
possible values and The coefficients are given Wigner 
(5, Chap. Section 6). They specify the correct combinations components 
spin, and relative angular momentum give system with 
total angular momentum with z-component 

The function supposed properly antisymmetrized the coordinates 
all nucleons. Outside partial interchange nucleons between fragments 
will cause vanish, since the internal wave functions the fragments not 
overlap. Interchange nucleons within fragmenis included the internal 
functions. the two fragments identical, then must have the proper 
symmetry with respect their interchange units. This will affect the range 

Our discussion chiefly concerned with the radial wave functions. These are 
expressed terms the usual incoming wave 


and outgoing wave 
These satisfy the one-dimensional Schroedinger equation 
2 


where the external potential for the coulomb and centrifugal forces. 
The functions are normalized unit current; i.e. 


these and following equations Planck’s constant divided 
F,, linear combination these incoming and outgoing waves; will 
write 


Here denotes the sum over contained (2.1); these functions may 
taken real, and are orthogonal any similar hypersurface enclosing 
They are normalized that (see (6) 


This integral also includes integration over internal coordinates. 
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The coefficients a,; are arbitrary; they define the amplitudes the incoming 
waves. The outgoing amplitudes are then determined the collision matrix 
The existence and uniqueness follows from the assumption that 
separable the asymptotic region. For isseparable there existsa unique 
defined the boundary condition that there unit incoming current the 
(sl)-split and other incoming current. Continuation through the internal 
region will, principle, uniquely determine the outgoing waves this particular 
i.e. will uniquely determine the column Equation (2.3) 
then linear combination these special functions. depends the 
total angular momentum and the total energy the system. the absence 


the following discussion attention confined single system, the 
indices will omitted. Also the pair (s,/) indices will indicated 
one index, Thus consider the wave functidn which, the asymptotic 
region, has the form 


well known that the matrix both unitary and symmetric, the 
proof merely sketched here. Since both (2.3a) and its complex conjugate 
must satisfy the Schroedinger equation for steady state follows from the 
definition that 


(2.5) > = ay. 


The system stationary, the total current, summed over all splits, must 
vanish. 


Since the are arbitrary complex numbers quickly follows from (2.5) and 
(2.6) that 


that both unitary and symmetric. Then also the matrix 


i.e. any unitary diagonal matrix. 
Then there exists complete set real orthonormal 
belonging the eigenvalues exp can then write 


V). Then implies V*Vg The complex conjugate this last 

uation Vg* Hence either real vector, and are degenerate eigenvectors 
which may replaced pair real orthonormal eigenvectors belonging the valug 
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N 


N 
k=l 
The matrix element 
the number possible splittings, i.e. the dimension Not all need 
distinct. 


The form (2.9) useful for comparison with the form (3.16) below, obtained 
application the compound nucleus hypothesis. 


THE “COMPOUND NUCLEUS” ASSUMPTION 

The general form for the collision matrix has far been expressed only 
such complicated way (6) that one naturally seeks some simplifying as- 
sumption. the general work Wigner the concept the compound nucleus 
used only the weak sense that all nucleons enter the interior region. This 
assumption generally understood much stronger sense which takes account 
the strength nuclear forces. For the purpose the present discussion 
use the following strong assumption. 

there ingoing current the split the outgoing current that split 
depends only the rate formation the compound nucleus and inde- 
pendent the way that nucleus formed. (A) 

Moreover the density matter the interior the compound nucleus, i.e. 
the value the interior the hypersurface also independent the 
way the nucleus formed. (B) 


This seems fair statement the concept the compound nucleus 
used the literature. not maintained that this description which 
always applicable, but there some evidence, both theoretical and experi- 
mental, that good approximation many cases. 

The usual justification based statistical concepts (2); that the life the 
compound nucleus long nuclear time scale (in comparison with the 
time for nucleon average internal kinetic energy traverse the nucleus) 
that statistical equilibrium attained. Thus the internal density depends only 
the constants motion the system. also the subsequent mode 
disintegration will independent the mode formation. 


The general theory the collision matrix shows that these statements are 
approximately true the neighborhood resonance. However this theory 
contains assumptions about the strength nuclear forces; sufficiently 
general cover all cases. Hence that does not confirm the compound nucleus 
concept not refutation the statistical arguments which are valid only for 
strong nuclear forces. 

Despite the frequent use the compound nucleus idea there very little 
clear-cut experimental evidence defining its region validity. Some examples 
available evidence will discussed the next section. 
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now seek the form the collision matrix determined assumptions 
and Asa preliminary define This shall one for 
which the compound nucleus formed unit rate; i.e. there unit flow 
matter current into the region interior the surface If, normal system, 
there ingoing current the k-split, the outgoing current that split will 
independent the choice those splits other than which contain the in- 
going currents. the other hand, the j-split contains the only ingoing 
current, the compound nucleus formed unit rate (i.e. the system normal) 


This follows since the net influx (cf. equation (2.3a) and 
this must less than unity the amount outgoing current which would 
arise the current were ingoing some other split. using (3.1) will 
assumed that that absorption can occur any energetically 
possible split. 

the normal system for which |a,|? given (3.1) and the 


From the unitary properties 


k 


find from (3.2) that 
(3.3) 
k 


where 


These equations give the moduli the elements terms the 
energy functions and all which are real and positive. now put 
exp and seek the values the These can partly de- 
termined discussion normal system which ingoing current flows 
two channels. 

while all other a’s are zero, the system normal 
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For convenience put 

real, and fashion. Using the values (3.4) for Equation 
(3.5) yields value for the quantity 

which, when substituted into (3.6), gives 

(1 G cos (wx + v5) 


(3.7) + G5 + Gj)? cos Wy + Ve) = 0. 

quantity which does not depend the index are interested only 
exp can restrict ourselves principal values this difference. 
The ambiguity sign, which (3.7) may depend removed consider 
normal systems with more than two incoming currents. may write 


may take given and consider (3.8) set linear equations for 
follows that The determinant equations (3.8) vanishes, 
can choose least one arbitrarily. Put simple in- 
duction then establishes that 
(3.9) We = CK, #k 

Now can find the terms other quantities previously 
defined. For choose 

clear that (3.6) satisfied for every distinct from and i.e. definition 


these values define normal system that (3.5) must also satisfied. 
This requires, for this and using 


Equation (3.10) must hold for every choice consequently each side 
must vanish. 


define 
COS 


(3.10) 


then find exp exp The sign before remains am- 
biguous because (3.10) defines only the real part this exponential. priori 


= 

" 
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one might suppose that the more general equation (3.7). would satisfied only 
for special values the phase difference However will observed 
that solution the form above exists, for any value provided that 
one chooses the same sign for every then write 


change sign all merely matter notation. 


definition are real, and must also real. Equation then 
provides upper bound for the positive function 


(3.13) 
This bound will made explicit define new function the relations 


summarize, using the values (3.4) for the form (3.9), with given 
(3.12), for the arguments off diagonal elements; and the definition (3.14), 


These results can expressed the matrix relation 

where diagonal with elements 

and the matrix has elements 

(3.16c) 


The form compared with the general form (2.9); see that 
part the compound nucleus assumption implies that there decompo- 
sition the form such that has just two eigenvalues; the value 
which fold degenerate, and the value for which the eigenvector 
has the components G;. This also gives the meaning the function defined 
equations (3.14). 

From part the assumption obtain more specific values for and 
According the value just inside the surface independent the 
choice incoming currents. may observed passing that this assumption 
about surface values ensures that small changes the definition the surface 
(i.e. the definition nuclear radii) not affect the statement that 


independent the choice incoming current. the volume interior S.) 
Moreover the physical implications the assumption are reasonable; states 
that the probability finding particles type nascent the nuclear surface 
the same, whether these particles initiate result from the reaction. More 


| 
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through compound nucleus with the same energy and angular momentum 
then the chance finding neutron given angular momentum the 
surface the compound nucleus the same each case. 

use assumption note that continuous the nuclear surface and 
may evaluated there energetically possible channels either from the 
form (2.3a) from internal values. consider two normal systems, first with 
incoming current only the k-split, second only the j-split. The appropriate 
value the first case (cf. 3.1) 


with similar expression for Since the same the k-channel 


For convenience write the outgoing radial wave function the 


and its derivative 


Then with given (3.15), find from (3.17) 

Again this insufficient determine the relative signs the angles, but con- 
sideration normal system with incoming currents two splits yields 


For the next step the argument consider two functions, and both 
having the form (2.3a) the external region, differing only having different 
energies and suppose that new reactions become possible between 
and i.e. that the dimension remains constant over this interval. 


Let denote the volume interior Form 


(3.20) 
= | FiiF x). 


results from the application Green’s theorem dimensions; the 


speaking, the normal derivative not constant over that part which corre- 
sponds the k-split. The value the for 


taken application the mean value theorem. 


| 
— 
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volume integral transformed into integral over (cf. 6). The sum the 
left runs over all splits, including the energetically impossible ones. represents 
the radial wave function the evaluated 

energy the coefficients each power (3.20) must separately 
vanish. The terms independent state only that the net current zero. 
The terms the first power give 


dF, 

Here the summation extends only over the energetically possible splits. The 
similar sum over impossible splits represented will not here 
attempt evaluate represents the integral over impossible 
channels the region outside Hence properly combined with 
give the probability that the nucleons are all together”. Normally 
T(E) will small quantity, since will decay approximately exponentially 
impossible channels outside One might expect become large 
certain discrete energies, but this question not part the present problem. 

define normal system with incoming current only the k-split, and for 
convenience take 


Then from (3.15) and (3.19) find possible channels 
For this normal system, Equation (3.21) becomes 


(3.23) 
simplifying (3.23) have used the relation 
(3.24) 


which results from the normalization (2.2) the 

The subscript the left side (3.23) indicates that this relation holds 
for normal system; assumption this quantity independent the 
split containing incoming current. the right side there remain terms which 
appear depend satisfy must therefore require 
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where function energy which does not depend Then 


Since 


this result may written 


which positive constant, independent energy; the imaginary 
part the logarithmic derivative the outgoing wave the nuclear surface, 
appears penetration factor. 


This form for Gj, particularly the constancy actually here established 
only each energy interval which the dimension constant; i.e. each 
interval between thresholds. join these solutions the requirement that 
continuous function energy, must require constant for all energies 
above the k-threshold. This seems natural requirement, since un- 
reasonable assume discontinuous change the cross section for, say, proton 
production the threshold for production a-particles. Because 
the j-threshold, for every the normalization factor 


continuous, though its derivative discontinuous each threshold. 
now useful introduce width-functions defined 


Vv 


This definition states that, there incoming k-current, the outgoing 
k-current times the probability that all particles are the internal region, 
outside but bound nonsplitting states. (3.26) applied toa normal 
system with see that the right side becomes Since 


k 
then have 
Vv iN k 


Using the result (3.25) and the definitions (3.27) the differential equation 
(3.23) becomes 


| 
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Recalling that cross sections one sees from (3.15) that thei. 
maxima occur when sin Thus resonance havef 


(3.29) cot r(E,) 


Then (3.28) gives the first nonzero term the Taylor expansion cot 
near 


(3.30) have neglected the change over the interval 
E,. 

Before going discussion these results should remarked that the 
developments this section apply when there are more than two energetically 
possible modes splitting. may easily shown that may written 
the same forms for the case two possible splittings. When only elastic scatter- 
ing possible the statements become trivial. 


DISCUSSION 


hardly necessary point out that the collision matrix derived from the 
compound nucleus postulate gives cross sections with standard properties the 
various energy regions. The connection between the matrices and experi- 
mentally measurable cross sections given Wigner and Eisenbud (6). The 
differential cross sections take somewhat complicated form because the 
necessity transforming back from wave functions specified total 
those specified However the total cross section takes the simple form 


which have reverted the notation (s/) place the single index used 
denote split Section the wave number the incident particles; 
the rest the notation explained Section 
Using the results the last section (Equations 3.16 and this becomes 
2 


(4.1) the sum over extends over all the compound nuclei which can 
formed different combinations angular momenta and spin the target- 
particle system For each different compound nucleus (different there 
will vector and characteristic nuclear phase-shift 

The potential scattering term sin (4.1) standard; represents 
the scattering hard sphere. The penetration factor contained 


(4.1) 


also well known. For example, one calculates simple spherical barrier 
problem, the transmission factor just which the internal wave 


with the appendix; this definition resonance also obtained specializing 
general collision matrix. 


Ld 
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function evaluated the barrier. This penetration factor gives the usual be- 
havior for absorption and scattering slow particles (including the rule for 
and for emission near threshold. 

For cross sections near resonance use the differential equation (3.28), and 
particular the resultant Taylor expansion (3.30). Assuming that resonance 
occurs only one the possible compound nuclei (one J-value) given 
energy E,, find from (4.1) and (3.30) 


i.e., standard one-level form. 

higher energies cross sections tend vary more slowly. This usually 
stated ‘‘the energy levels become dense and wide’’. our description, this 
equivalent saying that becomes large and varies slowly high 
energies. Since the vary like k,, and tend zero high energies, the 
differential equation (3.28) shows that cot has poles zeros such high 
energies. this region one can apply (4.1) for cross sections, with the as- 
sumption that the cot are slowly varying monotonic functions. 

Feshbach, Peaslee, and Weisskopf (3), (called FPW the following few para- 
graphs) have calculated cross sections for scattering and absorption, using the 
compound nucleus hypothesis and phenomenological approach. clear 
that our results should similar. 

Their discussion centers around the logarithmic derivative the radial wave 
function for the split which contains the incoming current. let that 
the the FPW function becomes our notation 


The further identifications are obvious (FPW notation left) 


Then the condition resonance (FPW Equation 40) becomes 


which also our condition resonance. 

FPW widths are defined terms which can calculated using 
(3.25) for and the differential equation (3.28), 


dE 
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one neglects the sum over which small, the width definitions 
FPW(41) and FPW(12) become 
and 


which are also our definitions. obtain these results necessary re- 
member that our outgoing wave function normalized differently from that 
FPW. 

These width functions are defined only resonance FPW, but can 
extended agree with ours all energies and are thus related the integral 
over the nuclear interior (cf. Equation (3.27) 

Finally may noted that the function tan defined for 
neutrons zero angular momentum related cot the obvious way. 


where have used Pao for such neutrons. This relation the 
one expected between the phase shift the external wave function 
caused nuclear effects, and the phase (2(W) the internal wave 
function evaluated the nuclear surface. 

The value the compound nucleus hypothesis lies the considerable 
cation brings the formulae for cross sections. The whole effect the 
nuclear interaction expressed the one function and the constants 


thus seems well worth while inquire experiment when this simplifying 
assumption can used. Most physicists would agree that applies the 
region resonance, but this insufficient for the calculations made here. 
make them valid the hypothesis must hold over the whole range energy 
which one wishes, for example, treat the constants. 

There are some results which suggest that this possible. For example, 
Ghoshal (4) has found that the reactions Ni® Cu® over considerable 
range energies, produce equal ratios. This suggests that the hy- 
pothesis holds for the nucleus even such energies that threefold splittings 
are possible. Beiduck, Pruett, and Konopinski (1) have shown that the complex 
energy dependence the cross sections for and can ex- 
plained supposing that fixed set compound nuclei (set J-values) 
formed. This use the compound nucleus hypothesis for system only 
four particles, where the hypothesis might also doubted. 

The usual criterion for the formation compound nucleus just our 
assumption that the branching ratio outgoing currents independent 
the incoming currents. The present calculations give another more stringent 
result. becomes more evident write the reaction cross section (4.1) 
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equation (3.28) shows that the slope 


always negative. The and are finite, slowly varying functions 
Hence deduce that essentially monotomic function and 
value between each pair resonances, and every reaction cross section 
(but not scattering) vanishes this intermediate energy. 

one could find reaction which only one J-value could formed over 
range energy which includes two resonances, all reaction cross sections should 
vanish some energy between the resonances. experiment could de- 
vised measure the reaction absorption cross sections one particular 
compound nucleus, the presence absence) these zeros would striking 
evidence for (or against) the value the compound nucleus hypothesis. 

The writer wishes thank the members the staff Theoretical Physics 
branch this laboratory for their continued patience through many conver- 
sations this subject, and Professors Wigner, Watson, and 
Jackson who read and helpfully commented preliminary draft this 
discussion. 

APPENDIX 

Here will show that the compound nucleus hypothesis requires certain 
special case Wigner’s collision matrix. The discussion Section shows 
that this special case also corresponds the work Feshbach, Peaslee, and 
Weisskopf. 

The basic step determining the general form the collision matrix 
evaluate the which relates the values the 
radial wave functions the various splits the values their derivatives 
the surface the notation Section 


(A.1) 
and shown Wigner and (6) that 


(A.2) 


The are energy independent reduced widths the nuclear level energy E,. 

Given the matrix can found various ways which the following 
perhaps most interesting for the special case examined here. Write 
where the elements 

exp 

the diagonal matrix are chosen later. Let represent the components 
real eigenvector belonging the eigenvalue Then consider 
state with incoming currents every split given 


—— 
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that 


Then with the notation 


for the outgoing radial wave function and its derivative the k-channel, 
the radial wave function and its derivative become 


The procedure insert (A.5) into (A.1) and identify the Cayley transformt 
the fact that the vector also eigenvector the transform, which 
belongs the eigenvalue cot r). Inspection (A.5) shows that this eigen- 
value will occur choose 
(A.6) 
When (A.5) substituted into (A.1), using (A.6) and the relation 


ux 1, 


(A.5) 


find 
where and are diagonal matrices with elements and respectively. 


Since (A.7) holds for every eigenvector and the corresponding cot 
can identify the matrix the left the Cayley transform and obtain 


This matrix expressible more symmetrical form, but (A.8) suffices 
show its general nature. 

now wish find the special case (A.8) which corresponds the 
compound nucleus hypothesis. The matrix Equation (3.16) (the super- 
script used here indicate the special case) has fold degenerate 
eigenvalue cannot form its Cayley transform. However can form 
the inverse this transform, which 


require that the inverse the matrix the left (A.7) shall have this 
value; i.e. 


Recalling the value (3.25) for this may manipulated into the form 


formed this way from any hermitian but can formed from given only the latter 
has eigenvalue 
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Put, for the moment, 


component the member set vectors, one for each split. But (A.9) 
states that each these vectors has unit length, and that the scalar product 
any pair them Hence the vectors must all identical, and, fact 


(A.10) 


the values given (A.9) used (A.8) obtain the form (3.16) 
for Thus (A.10) specializes Wigner’s matrix the case described the 
compound nucleus hypothesis. 

Moreover use (A.10) (A.9) find 


(A.11) 


Thus this function has simple poles each and cot when (cf. 
Equation 3.28) 


This establishes the relation between the resonant energies Wigner’s 
theory, and the resonance condition cot the present work. The energy 
values are defined boundary condition imposed the surface 
solutions the Schroedinger equation the interior region. may that 
these are not the only possible resonances. Since cot gives maximum 
value cross sections, this condition should specify resonance any kind. 
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ANALYSIS THE SELF-ENERGY PROBLEM FOR THE 
ELECTRON QUANTUM ELECTRODYNAMICS! 


ABSTRACT 


S-matrix for the self-energy the free resting electron evaluated 
without the restriction that the virtual photons the intermediate state have 
only positive energy. Both the one-electron theory and the hole theory the 
positron are treated. shown that the one-electron theory the normally 
divergent transverse part the self-energy vanishes the photon 

eld assumed symmetric positive and negative energies. similar 
theorem does not hold the hole theory. particular type interaction leads 
vanishing self-energy one-electron theory. However, this does not solve 
the self-energy problem, this case radiation corrections scattering would 
vanish well. The S-matrix for the self-energy bound electron evaluated 
similar manner. The decay probability for excited state calculated 
the imaginary part the self-energy. The correct value obtained only 
hole theory and interaction with positive energy photons. the special case 
which the external field uniform magnetic field, again only hole theory 
with this same interaction gives the correct value for the anomalous magnetic 
moment. 


INTRODUCTION 


The self-energy problem the electron can briefly described follows. 
According the formalism quantum mechanics resting electron can emit 
and re-absorb virtual photons, thus spending part its lifetime intermediate 


which has kinetic energy. the time average this kinetic 


energy plus the energy the virtual photons computed, turns out 
infinite, the divergence stemming from the contributions the intermediate 
states with high energy. The divergence quadratic case the ordinary 
one-electron theory, and logarithmic the hole theory the positron 
adopted (10, 11). 


These well known calculations are based explicitly implicitly the assump- 
tion that only positive energy states are available the virtual photons. 
However there now conclusive experimental evidence that this 
assumption correct. Dirac (1) has suggested that relativistic quantum 
theory radiation should treat the positive and negative energies symmetrically. 
Pauli (7) has shown that this treatment leads vanishing transverse part 
the self-energy one-electron theory; but the hole theory the positron 
adopted similar theorem does not hold. Addition effects positive and 
negative energy photons fact destroys the logarithmic character the 
divergence, leaving quadratically divergent terms. Muto and Inoue (6) report 
that the divergence the fourth order self-energy one-electron theory not 
eliminated introducing negative energy quanta. 
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Contribution from the Department Physics, The University British Columbia, 
Vancouver, B.C. 
National Research Council Canada Fellowship. 


t 


DAYKIN: SELF-ENERGY PROBLEM FOR ELECTRON 


the purpose this paper investigate the self-energy problem without 
the restriction that the photon field contains only positive frequencies. For 
this investigation use has been made the simplified form quantum electro- 
dynamics described Feynman (2, 3). shown that the distinction be- 
tween one-electron theory and hole theory and between the different types 
interaction can made defining different contours for evaluating Feynman’s 
S-matrix for the free electron self-energy. Pauli’s results are verified the 
effects Dirac’s process are neglected. addition found that 
there exists particular type interaction corresponding certain solution 
the Maxwell equations discussed Stueckelberg (9) which leads vani- 
shing self-energy one-electron theory. However, this does not represent 
satisfactory solution the self-energy problem, this case the radiation 
corrections scattering would vanish well. Thus would impossible 
this case obtain theoretically expressions for experimentally observed effects 
like the Lamb shift and the anomalous magnetic moment the electron. 


The S-matrix for the bound electron self-energy evaluated for the same 
contours used the free electron case. The self-energy general not real; 
the negative the imaginary part gives the decay probability per unit time 
the initial bound state. found that the correct decay probability arises 
from only one contour, the contour which corresponds the hole theory the 
positron and interaction with only positive energy photons. the special case 
where the external field homogeneous magnetic field this same contour 
again the only one which gives the correct expression for the anomalous magnetic 
moment found Schwinger (8) and Luttinger (5). 


II. EVALUATION THE FREE ELECTRON SELF-ENERGY MATRIX 


The notation introduced Feynman will used throughout this paper. 
According Feynman (3) the self-energy the free electron can written 
the single integral 


2 


and solution the Dirac equation. 


The left hand side (1) can therefore written AEu*u since 


EAE mAm and u*u 


convenient carry out the summation over (1) right away 
using 


(3) 
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thus removing the y-matrices and obtain 


with 


now the integration over which exhibits fully the advantage treating 
the problem momentum space, the distinctions between one-electron 
theory and hole theory and the different kinds interaction field can most 
conveniently made assigning appropriate conventions regarding the 
positions the poles the Integrals interested only the case 


the resting electron 0), need calculate only and because 
vanishes this case symmetry. the integration over the variable 
performed completing the contour with semicircle above the real -axis 
the Integrals (5) can written 


where has carried out over the respective residues the poles 
positioned above the real -axis. Each the integrals (5) has four poles 
along the -axis which are tabulated together with the corresponding residues 


TABLE 


| 


2 2 2 


the computation this table extensive use has been made the relation 


=m’ 


for the rest electron. 
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The distinction between one-electron theory and hole theory now made 
the usual way (2) assigning for one-electron theory infinitesimal positive 
imaginary part thus bringing and above the real while 
assignment infinitesimal negative imaginary part leads the hole 
theory, bringing above and below the real There remain then 
four possibilities for locating the poles and each corresponding different 


kind interaction field listed Table 
TABLE 


Position poles 


real ordinary space interaction field 
{I 1 
below 


The photon kernels* main interest from the point view this paper are 
the and functions. clear from the positions the poles that the 


and functions differ only the sign (K-K)*. The interactions the 
Stueckelberg type are included for the sake completeness. 

According remark Feynman (7), the interaction between two 
electrons leads theory which, the classical limit, exhibits interactions 
respectively through retarded advanced potentials. Thus the self-energy 
problem the motion wave packet under the self-interaction would 
lead, the classical limit, the motion electron interaction with its 
proper retarded advanced field. 

Thus the integration over (5) outlined above yields the following 
complete self-energy table (III) for the free resting electron. 


*The term was introduced analogy with the term mean 
any singular solution the Maxwell equations for the potentials. 
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TABLE III 
Photon 
kernel 
One-electron theory 
2 
2 


Dis R" + R™ Zero 


theory 


can seen that the one-electron theory the assumption that the inter- 
action which corresponds Dirac’s assumption that the photon 
field symmetric positive and negative energy states, leads cancellation 
the quadratically divergent transverse part the self-energy. interesting 
note that interaction the Stueckelberg type, D_, leads vanishing self- 
energy one-electron theory. Unfortunately this does not solve the self- 
energy problem, this case radiation corrections scattering characterized 


integrals the type 
2 


will vanish well, because all poles such integrals too are then located above 
the real This would contradict experimental evidence like the Lamb 
shift and the anomalous magnetic moment the electron. the hole theory 


| 
2 K? 
| I em aKS 1 K 
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only the interaction which makes the divergence logarithmic, all other 
interactions leading quadratically divergent expressions for Am. Thus 
linear combination the form interaction would remove the term 
the integrand and destroy the logarithmic character the 
leaving quadratically divergent expression for Am. 


III. SELF-ENERGY MATRIX FOR ELECTRON EXTERNAL FIELD 


Feynman’s S-matrix for the free electron self-energy can generalized for 
electron external field, replacing the free electron kernel (2,1) 
(2,1), the kernel hole theory for the Dirac equation 

(a) 


which may written the sum over eigenfunctions Equation (7) 


Ky (2,1) 


The plane wave functions appearing the S-matrix must correspondingly 
replaced eigenfunctions Equation (7). The diagonal element the 
S-matrix for the state then becomes 


where 
Clearly proportional the integration time can write for the self- 


energy 


one-electron theory replaced the one-electron kernel, given 


0 tle < 

The distinction between the different types interaction now made 
Section assigning different conventions for evaluating the poles 
the complex plane. The necessary splitting the integration into two 
ranges and gives rise imaginary part the self-energy 
according the relation 
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The integration over for the imaginary part can most conveniently com- 
pleted making the dipole approximation and using the formula 


write 


then, lexp ‘Ym produces exponentially decreasing amplitude with 
time; just the decay probability per unit time for the state Finally 
the relations and were used simplify the expressions for 
AE,, and which are listed Columns and Table IV. 


inspection Column shows that only the interaction the hole 
theory gives the correct rate radiation from excited state, shown below. 
For simplicity the table restricted the case which E,, positive. the 
one-electron theory the interaction allows the electron fall into the negative 
energy states with emission positive energy photon and the interaction 
allows transitions upward with emission negative energy photon. The 
interaction gives the same result the interaction. the hole 
theory the interaction contains second set terms allowing transitions 
negative energy states. These terms must associated with the possibility 
pair creation out the vacuum along with emission negative energy 
photon, but they will not discussed further here. The and functions 
allow transitions both and down occur. 

appears that the longitudinal and scalar photons well the transverse 
photons contribute but the first two contributions exactly cancel. For 
proof, the matrix element can written momentum space 


which the Dirac spinor and the coefficient the expansion 
momentum eigenfunctions. follows from the Dirac equation 
pu(P) mu(P) and its conjugate that 


Thus 
which just the sum over the transverse photons. Finally, averaging over all 


directions and making the usual nonrelativistic approximations lead the 
radiation formula given Heitler (4). For second proof see Feynman (2). 


; 
W, AE Vm 
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z 
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IV. THE ANOMALOUS MAGNETIC MOMENT THE ELECTRON 


Luttinger has shown that the anomalous magnetic moment may obtained 
from the self-energy the electron uniform magnetic field taking 
advantage the existence particular unperturbed state for which 
For this state the contribution due the change mass the electron 
just that the mass renormalization requires only the direct subtraction 
Am. have followed closely the method Luttinger calculating the 
anomalous magnetic moment predicted the self-energy formulas given 
Column However the factor V|? contains the sum over all four polarization 
directions, thus including the Coulomb interaction directly the effect 
interaction with longitudinal photons. The details the expansion the 
expression for powers the magnetic field strength, can found 
Luttinger’s paper. The term independent each case just the cor- 
responding expression for from Table III. 

was found that the correct expression for the anomalous magnetic moment 
given Luttinger and Schwinger obtained only from the interaction 
hole theory. The remaining six nonvanishing expressions lead quadratically 
divergent expression for the moment, even after subtraction Am. 


CONCLUSION 


must concluded that there solution the self-energy problem 
possible introducing negative energy photons without some modifications. 
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NOTE 


New Band System Excited Acetylene* 


During search for emission spectra polyatomic free radicals new band 
system was observed high frequency discharge through fast flowing acety- 
lene. Well exposed plates medium quartz instrument have been obtained 
which show the system very complex. has unfortunately not been 
possible excite the system with sufficient intensity allow examination under 
higher dispersion. 

The conditions the discharge were chosen that excitation polyatomic 
rather than diatomic species occurred. Vapors were pumped rapidly through 
discharge tube ft. long and in. diameter pressure about 0.1 mm. 
The tube was placed coil which was loosely coupled the oscillator coil 
kw. oscillator, the power input only small fraction the possible 
maximum. 

The conditions are similar those obtained Schiiler specially designed 
glow discharge (4). The spectrum obtained with the present type discharge 
through formaldehyde showed the ‘fluorescence’ bands formaldehyde and 
some the ethylene flame bands and duplicates that obtained Schiiler (3). 
Formic acid gave band system, first discovered Terenin and Neujmin 
fluorescence formic acid and subsequently studied Dyne and Style. This 
due polyatomic radical (2, 6). 

The band system excited acetylene consists about bands lying be- 
tween and superposed continuum which strong the long 
wave length end the system, but weak compared with the bands 
(Fig. 1). addition this system, bands due (Swan, Deslandres- 
d’Azambuja, Mulliken) and (A4300, are prominent. The 
group (1) appears weakly. few the and fourth positive bands 
overlap the new system, but these are weak and easily distinguished. 

Wave lengths the more prominent features are given Table Bands 
the region are generally sharp and could measured accurately. 
These are quoted longer wave lengths the intensity the con- 
tinuous background and the more diffuse nature the bands made accurate 
measurements impossible, and their wave lengths are quoted the nearest 
angstrom unit. The structure the system complex; some weak and 
and signs structure are present which are not recorded the table. 
Many the strong bands are double-headed, the separation the heads being 
about one angstrom unit and degraded the red. 

The band system could due acetylene some radical derived from 
(e.g. This system may compared the known absorption system (5) 
acetylene which extends from shorter wave lengths about i.e. 
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TABLE 


Intensity Description Intensity Description 


oo 


the short wave length limit the emission system. system very 
complex; the bands are double-headed (separation about one angstrom unit) and 
are degraded the red. Progressions about 1050 are observed. These 
are all points similarity with the emission system which short progressions 
~1030 can picked out. addition spacings ~1900 the 


characteristic frequency, can picked out. 


tempting suppose that the emission system long wave length 
extension the absorption system, but the present evidence does not allow any 
decisive decision made. 
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